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ABSTRACT 


This  report  presents  the  results  of  a  program  conducted  to  design  and 
evaluate  an  advanced  engine  control  system  for  a  small  (2  to  5  pounds 
per  second  airflow)  turboshaft  engine. 

The  objective  of  this  program  was  to  evaluate  the  feasibility  of  a  unique 
engine  control  system  consisting  of  closed-loop  turbine -inlet -temperature 
limiting,  electronic  computation  and  either  of  two  novel  fuel  metering 
systems. 

Control  mode  logic  and  dynamics  were  analyzed  using  computer  simula¬ 
tion  techniques.  Control  computer  logic  and  circuitry  were  established, 
and  all  elements  of  the  control  system  were  designed. 

The  efforts  of  this  program  produced  the  following  results: 

1.  Closed-loop  turbine  inlet  temperature  control  mode  logic  and 
dynamics  criteria 

2.  Two  electronic  control  computer  designs 

3.  Two  compact  fuel  metering  system  designs 

4.  Design  and  analysis  of  a  fluidic  turbine  inlet  temperature  sensor 
and  averaging  system 

5.  Optimum  packaging  and  cost  for  each  of  the  control  systems 

It  was  concluded  that  a  miniaturized  advanced  control  system,  weighing 
6  to  9  pounds  (including  pump),  is  feasible  with  either  of  two  fuel  meter¬ 
ing  systems  and  with  either  analog  or  digital  electronic  computation. 

Operation  of  the  closed-loop  turbine  inlet  temperature  control  mode  was 
satisfactorily  demonstrated  using  computer  simulation  techniques. 

Problems  associated  with  fluidic  temperature  sensing,  such  as  time  re¬ 
sponse,  reliability,  and  ambient  temperature  compensation,  were  re¬ 
solved  either  analytically  or  by  testing.  Turbine  inlet  temperature  aver¬ 
aging  remains  the  key  problem  to  be  solved  by  hardware  development. 

The  comparison  of  analog  and  digital  electronic  computation  favors  the 
analog  approach  based  largely  on  cost.  However,  by  1975,  the  digital 


iii 


approach  should  achieve  significant  cost,  weight,  accuracy,  and  flexi¬ 
bility  advantages. 


Analysis  of  the  weights  and  costs  of  the  two  proposed  fuel  metering  sys¬ 
tems  slightly  favors  the  centrifugal-pump  variable-speed  drive  approach. 
More  important,  the  centrifugal  pump  system  offers  a  number  of  signi¬ 
ficant  advantages  which  strongly  recommend  further  development. 

All  components  of  the  control  systems  evaluated  during  this  study  pro¬ 
gram  are  within  a  reasonable  level  of  technology  commensurate  with 
production  by  the  mid-to-late  1970's. 
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FOREWORD 


This  program  study  was  conducted  under  USAAVLABS  Contract  DAAJ02 
68-C-0042  (DA  Project  1G162203D144)  by  the  Avco  Lycoming  Division, 
Stratford,  Connecticut  during  the  period  of  1  July  through  31  December 
1968.  The  results  of  work  and  concepts  developed  under  various  Contri 
buting  Engineering  and  Independent  Research  and  Development  (IRAD) 
Programs  conducted  at  Avco  Lycoming  have  contributed  to  the  prepara¬ 
tion  of  this  report. 

Acknowledgement  is  made  of  the  following  companies  and  organizations 
for  their  assistance  in  this  study  program; 

Pesco  Products  Division,  Borg  Warner 
Mechanical  Components  Division,  TRW 
Globe  Industries  Division,  TRW 
Aeroflex  Laboratories,  Incorporated 
Flow  Corporation 
D.  G.  O'Brien,  Incorporated 
Harry  Diamond  Laboratories,  U.  S.  Army 
Avco  Electronics  Division 
Film  Microelectronics,  Incorporated 
Dielectric  Systems,  Incorporated 
Microelectronics  Division,  General  Instruments 
Corporation 
Oeco  Corporation 


TABLE  OF  CONTENTS 


Page 

ABSTRACT .  iii 

FOREWORD .  v 

LIST  OF  ILLUSTRATIONS .  x 

LIST  OF  TABLES .  xvi 

LIST  OF  SYMBOLS .  xvii 

INTRODUCTION .  1 

SUMMARY  DESCRIPTION  OF  THE  CONTROL  SYSTEM  ....  3 

CONTROL  MODE  STUDY .  5 

General  ......  .  t  5 

Study  Approach . .  6 

Analysis  Method .  7 

Linear  System  Response  Analysis .  8 

Nonlinear  System  Response  Analysis .  11 

Start -Fuel  Scheduling . . . .  12 

ELECTRONIC  COMPUTER .  14 

Circuit  Design  . . .  14 

Power  Supply  Circuit  . .  14 

Analog  Circuit  . .  15 

Digital  Circuit  . . .  24 

Electronic  Computer  Packaging  . .  29 

Cost . . .  40 

Radio  Frequency  Interference .  41 

Reliability . .  41 

Comparative  Evaluation  of  Analog  and  Digital  Designs  .  .  45 


Page 

FUEL  METERING  SYSTEM . 48 

General . 48 

Requirements  . . 48 

Fuel  Metering  System  No.  1 . . . 49 

Fuel  Metering  System  No.  2  . . . . 52 

Comparison  of  Systems . 66 

SENSORS . 69 

Turbine  Temperature  Sensors . 69 

Fuel  Flow  Sensor . 84 

Speed  Sensor . . . 86 

INTERFACE  DEVICES . 87 

General . 87 

Multiple -Function  Fuel  Valve  Actuator . 87 

VSD  Ratio  Control  Actuator  . . 88 

Proportional  Electrohydraulic  Servo  Actuator  for  Engine 

Variable-Geometry  Control . .  89 

Two-Position  Electropneumatic  Actuator  .........  90 

SYSTEM  WEIGHT  AND  COST . 92 

TECHNICAL  RISK . 94 

CONCLUSIONS  AND  RECOMMENDATIONS . 95 

APPENDIXES 

I.  Component  Map  Method  of  Engine  Simulation  for  Large- 

Scale  Transient  Response  Control  Studies . 202 

II.  Reliability  Apportionment  . . 211 

HI.  Failure  Rates  and  Reliability  Predictions  . . 222 

IV.  Test  of  Circuits  Directly  Exposed  to  Cooling  Fluid  .  .  .  230 


viii 


V.  Soak  Temperature  Time  Profile  Test . 236 

VI.  Generator  Design . 240 

DISTRIBUTION . 243 


LIST  OF  ILLUSTRATIONS 


Fl|ur>  Page 

1  Schematic  of  Advanced  Engine  Control  Syetem  ....  104 

2  Acceleration  and  Deceleration  Reference  Limit*  .  .  .  109 

3  Control  Computer  Loplc  Diagram . 106 

4  Frequency  Reeponae  Representation  of  a  Proportional* 

Plu* -Integral  Covernor . 107 

'<  Analog  Block  Diagram  for  Engine.  Control,  and  Load.  109 

6  Amplitude  Frequency  Reeponae  -  Fngine  Plue  N 

Control  at  100%  Power . Ill 

7  Phase  Ang'.e  -  Fngine  Plu*  N  Control  at  100%  Power.  112 

P 

8  Engine  Station  Repreeentation . II) 

9  MIMIC  Representation  -  Fngine  and  Load . 115 

10  MIMIC  Repreeentation  -  Control  Computer . 117 

11  M'.MiC  Representation  -  Fuel  Metering  Syetem  No.  1.  118 

12  MIMIC  Representation  •  Fuel  Metering  Syetem  No.  2.  119 

13  Syetem  Response  to  1.0-Second  Ramp  in  Collective 

Pitch  -  Zero  to  50%  Load  (Turboshaft  Engine)  ....  120 

14  Response  to  i.  0-Second  Ramp  in  Collective  Pitch  - 

Zero  to  50%  Load  (Turboshaft  Engine) . 121 

15  Syetem  Response  to  1 . 0-Second  Ramp  in  Collective 

Pitch  -  50%  t  3  K0%  Load  (Turboehaft  Engine)  ....  122 

16  T,  Response  to  1.0-Second  Ramp  in  Collective  Pitch  - 

50%  to  100%  Load  (Turboshaft  Fngine) . 123 

17  System  Response  to  1. 0-Second  Ramp  in  Collective 

Pitch  -  Zero  to  100%  Load  (Turboshaft  Engine)  .  .  .  124 


x 


y  >aur#  p*i« 

18  Tt  Reaponee  to  1. 0-Second  Ramp  In  Collective  Pitch  - 

7ero  to  100"i  load  fTurboehaft  Fngine) . 125 

1  o  Syatem  Rraponae  to  0.  3-Second  R»mp  Select  From 

Flight  Idle  to  Takeoff  Power  (Turboprop  Fngine)  .  .  .  126 

20  Leaponae  to  0.  3-Second  Ramp  Select  From 

Flight  Idle  to  Takeoff  Power  (Turboprop  Fngine)  .  .  .  127 

2  1  Power  Su^plle*  . 128 

22  Fngine  Speed  and  T^  Signal  Conditioning  Circuit 

(Analog) . 129 

2)  Turbine  Inlet  Temperature  Averaging  Circuit  (Analog)  130 

24  Power  Turbine  Speed  Governor  and  Load-Sharing 

Circuit  (Analog) . 131 

25  High  Preaeure  Spool  Speed  Governor  Circuit  (Analog)  132 

26  Power  Turbine  Torque  and  Low-Preaaure  Spool 

Speed  Limiter  Circuit  (Analog) . 133 

27  Acceleration  and  D  celeration  Limit  Circuit  (Analog).  134 

28  Control  Mode  Selector  Circuit  (Analog)  .  . . 135 

2b  Integrator  Circuit  (Analog) . 136 

30  Fuel  Metering  Control  Circuit  (Analog) . 137 

31  Acceleration  and  Deceleration  Limit  Generator 

Circuit  (Analog) . 138 

32  Inlet  Guide  Vane  Control  Circuit  (Analog) . 139 

33  Power  Turbine  Overapeed  and  Abort-Start  Shutoff 

Control  Circuit  (Analog) . 140 

34  Automatic  Starting  Syatem  Circuit  (Analog) . 141 


xi 


Figure  Page 

35  Digital  Timing  Diagram  for  Word  Definition . 142 

36  Symbols  for  Digital  Incremental  Computer  Elements.  143 

37  Speed  Measurirg  Circuit  (Digital) . 144 

38  Analog-to-Digital  Converter . 145 

39  Turbine  Inlet  Temperature  Averaging  Circuit 

(Digital) . 146 

40  Control  Mode  Selector  (Digital) . 147 

41  Integrator  (Digital).  . . 148 

42  T^  Acceleration  and  Deceleration  Limit  Generators 

(Digital) . 149 

43  Automatic  Starting  System  Circuit  (Digital) . 150 

44  Analog  Computer  Assembly . 151 

45  Digital  Computer  Assembly . 153 

46  TO-8  Round  Package . 155 

47  Equipment  Reliability  Versus  Temperature . 156 

48  Vacuum-Jacketed  Thermal  Insulation . 157 

49  Mechanical  Insulation .  158 

50  Combined  Air,  Fuel,  and  Dielectric  Cooling  System  .  159 

51  Flat-Pack  and  Round  Can  TO-8  With  Stacked 

Substrates .  160 

52  Thermocompressional  Versus  Ultrasonic  Welds  .  .  16 1 

53  Flexible  Wiring  Harness .  162 


Xll 


Figure  Page 

54  Multilayer  Disc  Construction .  163 

55  Failure  Mode  Analysis  for  the  Mode  Select  and  Other 

Independent  System  Functions  164 

56  Failure  Mode  Analysis  for  the  Deceleration  Limit 

System  Function .  165 

57  Failure  Mode  Analysis  for  the  Acceleration  Limit 

System  Function .  166 

58  Failure  Mode  Analysis  for  Mode-Select-Dominated 

System  Functions .  167 

59  Fuel  Pump  Discharge  Flow  Range  Versus  Gas 

Producer  Speed .  168 

60  Maximum  Required  Pump  Discharge  Pressure  Versus 

Gas  Producer  Speed .  169 

61  Schematic  of  Fuel  Metering  System  No.  1 .  170 

62  Schematic  of  Fuel  Metering  System  Functions  ...  171 

63  Fuel  Metering  Section  Design,  System  No.  1  .  .  .  .  172 

64  Schematic  of  Emergency  Manual  Control,  System 

No.  1 .  173 

65  Schematic  of  Fuel  Metering,  System  No.  2 .  174 

66  Fuel  Nozzle  System  Pressure  Drops  Venus  Flow  .  175 

67  Schematic  of  Fuel  Pressurizing  and  Manifold  Drain 

Valve .  176 

68  Centrifugal  Fuel  Pump  Pressure  Rise  Versus  Flow 

and  Speed  . .  177 

69  Fuel  Pump  Speed  Range  Versus  Gas  Producer  Speed.  178 


xiii 


Figure  P*ge 

70  Centrifugal  Fuel  Pump  Design,  Vendor  A  ,  179 

71  Fuel  Temperature  Rise  Versus  Flow  and  Pump  Speed  180 

72  Fuel  Metering  System  No.  2  With  Vendor  A  Pump  .  .  181 

73  VSD  Control  Section  With  a  Mode . 182 

74  Schematic  of  Variable-Speed-Drive  Control 

Technique . 183 

75  VSD  Control  Section  With  0  Control  Mode  ......  184 

76  Experimental  VSD  Components  After  Test . 185 

77  Schematic  of  Emergency  Manual  Control  System  No.  2  186 

78  Fuel  Metering  System  No.  2  With  Vendor  B  Primp  .  ,  187 

79  Block  Diagram  -  Turbine  Temperature  Control  .  .  .  188 

80  Schematic  of  Fluidic  Sensor  Installation  on  T53-L-7 

Engine . 189 

81  Fluidic  Temperature  Sensor  Installation  for  a  Typical 

2-  to  5 -Lb /Sec  Wa  Engine . 190 

82  Fluidic  Oscillator  -  Electrical  Analog . 191 

83  Fluidic  Oscillator  -  Signal  Flow  Graph . .  .  192 

84  Bode  Frequency  Response  Diagram  -  T55-L-7  Engine 

Test  Results . 193 

85  Fluidic  Oscillator  -  Theoretical  Frequency  Versus 

Temperature  . . 194 

86  Block  Diagram  of  Multiple  Sensor  Averaging  System  .  195 

87  Schematic  of  Typical  Gas  Averaging  Duct 

Arrangement . 196 


xiv 


Page 


Figure 

88  Gas  Averaging  Model  .  . .  *97 

89  Pitran  Circuit .  198 

90  Schematic  of  Fluidic  Thermistor .  199 

91  Schematic  -  Proportional  Electrohydraulic  Servo 

System . 200 

92  Schematic  -  Two-Position  Electropneumatic  Actuator  201 

93  Engine  Station  Representation .  210 

94  Advanced  Engine  Control  System  -  Computer  Portion 

Reliability  Block  Diagram .  218 

95  Analog  System  -  Reliability  Apportionment  Matrix  .  .  219 

96  Digital  System  -  Reliability  Apportionment  Matrix  .  .  220 

97  Reliability  Block  Diagram  -  Analog  Design .  221 

98  Engine  Components  Soak  Temperature  Survey  - 

Engine  Inlet  Housing  Skin  Temperature .  237 

99  Engine  Components  Soak  Temperature  Survey  - 

Nacelle  Temperature  . . 238 

100  Engine  Components  Soak  Temperature  Survey  - 

Compressor  Diffuser  Skin  Temperature  ......  239 

101  Schematic  of  Flux  Switch  Generator  Assembly  ...  242 


xv 


LIST  OF  TABLES 

Table  Page 

I  Dimensionless  Engine  Gains  at  Design  Conditions  .  .  96 

II  Optimum  Control  Gains  and  Sensor  Time  Constants 

at  Three  Engine  Power  Conditions  .  97 

III  Single -Engine,  High-Power -Condition  Transient 

Response  to  a  j+10%  Step  Disturbance  in  Each  Loop  .  98 

IV  Single -Engine,  Low-Power-Condition  Transient 

Response  to  a  +10%  Step  Disturbance  in  Each  Loop  .  99 

V  Dual  Turboshaft  Engines  -  Each  at  55%  Maximum 

Power  -  Transient  Response  to  a  10%  Collective 
Pitch  Disturbance  . .  100 

VI  Single  Turboshaft  Engine  With  Regenerator  - 

Transient  Response  to  a  10%  Disturbance .  101 

VII  Reliability  Apportionment  Versus  Prediction  Study 

for  the  Analog  Reliability  Block  Diagram .  102 

VIII  Reliability  Apportionment  Versus  Prediction  Study 

for  the  Digital  Reliability  Block  Diagram .  103 

IX  Analog  Apportionment  . .  212 

t 

X  Digital  Apportionment  . . 214 

XI  Developed  Analog  Design  Apportionment  ......  216 

XII  Analog  Prediction .  229 

XIII  Fluid  Immersion  Test  Results .  233 

XIV  Fluid  Immersion  Evaluation  With  Temperature 

Cycling  .  ^34 

XV  Power  Dissipation  Test .  235 

xvi 


LIST  OF  SYMBOLS 


1 


2 

Cp 

h 

I 

K 

KI 

Kp 


1,2.3 


Nh 

N1 

Np 

Pk 

P1 


Q,.  Q, 

1  loc 

Q  .  Q 

r  rem 


R. 


area,  ft 

sensor  cavity  capacitance,  Btu/°R 
sensor  material  capacitance,  Btu/°R 

specific  heat  of  the  gas  at  a  constant  pressure,  Btu/lb  -  °F 
heat  transfer  coefficient,  Btu/hr  -  ft^  -  °F 
loop  currents  (heat  flow),  Btu/sec 

2  o 

heat  transfer  coefficient,  Btu  -  ft/hr  -  ft  -  F 
integral  gain 
proportional  gain 
plate  thickness,  ft 

high-pressure  engine  rotor  speed,  rpm 
low-pressure  engine  rotor  speed,  rpm 
engine  power  turbine  shaft  speed,  rpm 
path  transmittance  =  the  path  from  a  source  to  a  node 
ambient  absolute  air  pressure  at  engine  inlet,  psia 
heat  transfer  from  the  gas  to  the  duct  wall,  Btu/hr 
engine  output  shaft  torque,  ft -lb 

output  shaft  torque  of  remote  engine  (s)  in  multiengine 
applications,  ft -lb 

inlet  orifice  resistance,  °R /Btu/sec 
inside  film  resistance,  °R /Btu/sec 


xvii 


AT 

at 
P 

T 


gas 


uu 


outside  film  resistance,  °R/Btu/sec 
LaPlace  Transform 

o 

sensor  cooling  air  temperature,  R 

average  temperature  of  the  gas  in  the  duct,  °F 

o 

sensor  body  temperature,  R 

o 

sensor  cavity  temperature,  R 

o 

duct  inside  wall  temperature,  F 

overall  transfer  function  or  graph  transmittance 

ambient  air  temperature  at  engine  inlet,  °F 

o 

gas  temperature  at  inlet  to  high-pressure  rotor  turbine,  R 
airflow  or  gas  flow,  lb/sec 
fuel  flow,  lb /hr 

graph  determinant  =  1  -  (sum  of  loop  transmittances)  + 
(sum  of  pairs  of  nontouching  loops)  -  (sum  of  triplets) 

path  factor  =  graph  determinant  of  the  remaining  portion 
of  the  signal  flow  graph  when  the  path  transmittance  is 
removed 

temperature  drop  across  the  plate,  °F 

o 

temperature  drop  of  the  gas,  F 
helicopter  rotor  collective  pitch  setting 
time  constant 
frequency,  rad/sec 


xviu 


Prefixes  and  Suffixes  for  Electronic b  and  Computer  Sections 

AVG 

Average 

SEL 

Select 

MEAS 

Measured 

LIM 

Limit 

ACC,  ACCEL 

Acceleration 

DEC,  DECEL 

Deceleration 

COMMAND 

Command 

INTRODUCTION 


Future  generations  of  gas  turbine  engines  will  be  significantly  smaller 
and  more  efficient  than  those  in  use  today.  Current  advanced  technolo¬ 
gies  permit  engine  operation  at  higher  speeds,  higher  temperatures, 
higher  pressure  ratios  and  better  component  efficiencies.  Unfortunately, 
comparable  improvement  in  engine  control  system  technology  has  not  kept 
pace  with  engine  technology.  The  controls  that  are  being  developed  today 
continue  to  be  relatively  large,  heavy,  and  costly.  Furthermore,  the 
controls  are  custom-designed  for  a  particular  type  of  engine  owing  to  the 
limitation  of  control  mode  and  envelope. 

Objectively,  the  design  of  an  advanced  engine  control  system  must  pro¬ 
vide  a  more  flexible  control  mode  and  achieve  substantial  reductions  in 
size,  weight,  and  cost.  To  accomplish  these  objectives  Avco  Lycoming 
pursued  the  evaluation  of  a  control  system  that  offers  a  novel  approach 
to  the  requirements  but  uses  hardware  that  is  'vjthin  reasonable  reach 
of  current  technology. 

Flexibility  in  application  of  a  control  system  is  more  likely  to  result 
from  the  initial  selection  of  parameters  than  from  any  other  subsequent 
decision.  In  the  absence  of  a  feasible  surge  detector  to  limit  accelera¬ 
tion  fuel,  the  control  designer  must  retreat  a  step  and  attempt  to  mea¬ 
sure  an  engine  parameter  that  rapidly  indicates  the  effect  of  overfueling. 
Such  a  parameter  is  turbine  inlet  temperature,  but  until  recently,  sen¬ 
sors  having  any  reasonable  environmental  life  have  been  too  slow  to  de¬ 
tect  the  rapid  changes  that  occur  in  this  parameter.  Recent  developments 
in  miniature  fluidic  oscillator  temperature  sensors  make  feasible  further 
study  of  turbine  inlet  temperature  acceleration  controls.  This  report 
concentrates  its  scope  in  evaluating  this  particular  mode  and  the  hardware 
necessary  for  its  implementation. 

To  a  great  extent,  miniaturization,  like  flexibility,  requires  a  departure 
from  existing  practices  in  gas  turbine  fuel  control  design.  The  success 
of  the  missile  industry  in  miniaturizing  solid-state  electronic  controls  is 
directly  applicable  to  the  control  problem  of  future  gas  turbines.  Thus, 
the  report  emphasizes  the  study  of  both  analog  and  digital  electronic  cir¬ 
cuits  and  packaging  techniques. 

Beginning  with  the  proposal  for  this  study,  it  was  felt  that  any  advanced 
engine  controls  study  should  serioualy  consider  the  integration  and  inter¬ 
facing  of  accessories,  in  particular  the  fuel  pump  and  fuel  metering  sys¬ 
tem.  In  essence,  the  gas  turbine  fuel  control  requires  the  services  of 
these  components  to  do  its  job.  Additional  substantial  miniaturization  can 
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be  obtained  by  considering  high-speed  fuel  pumps  and  integration  or 
elimination  of  fuel  metering  components  when  studying  new  control  con¬ 
cepts.  A  substantial  section  of  the  report  is,  therefore,  devoted  to 
evaluating  the  design  of  the  most  promising  pumping  and  metering 
systems. 

Another  major  section  of  the  report  deals  extensively  with  the  tempera¬ 
ture  sensors,  compensation  of  sensor  errors,  turbine  inlet  temperature 
averaging,  and  the  design  of  the  necessary  interface  hardware.  In  any 
new  control  concept,  such  as  this,  it  is  necessary  to  isolate  the  potential 
problems  and  to  offer  alternatives.  Such  is  the  intent  of  the  section  on 
sensors. 

Finally,  upon  completion  of  the  design  and  analysis  of  each  subsystem, 
system  packaging  layouts  were  prepared  and  cost  and  weight  estimates 
were  obtained. 
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SUMMARY  DESCRIPTION  OF  THE  CONTROL  SYSTEM 


The  advanced  engine  control  system  (Figure  1)  incorporates  a  fuel  meter¬ 
ing  section  whose  output  flow  is  controlled  by  an  electronic  computer. 

The  computer  receives  command  signals  from  the  pilot  and  inputs  from 
engine  parameter  transducers.  The  required  engine  fuel  flow  and  the 
status  of  the  engine  variable -geometry  devices  are  determined  by  the 
computer.  During  engine  start,  the  computer  also  controls  the  combus¬ 
tor  ignitor  flow  and  protects  the  engine  from  the  effects  of  a  hot  start  by 
cutting  off  fuel  flow. 

The  functions  performed  by  the  control  system  are: 

1.  Controls  starting,  and  acceleration  and  deceleration  fuel  flows 

2.  Controls  sequencings  of  automatic  starts 

3.  Governs  full  range  of  gas  producer  speed  (turboprop  applications) 

4.  Protects  engine  from  gas  generator  and  free  turbine  overspeeds 

5.  Controls  free  turbine  speed  with  wide  range  of  speed  selection 
(turboshaft  applications) 

6.  Limits  closed-loop  turbine  inlet  temperature 

7.  Limits  closed-loop  torque 

I 

8.  Provides  load  sharing  for  multiengine  installations  via  torque 
control 

9.  Positions  compressor  and/or  turbine  variable  geometry 

10.  Provides  input  signals  to  an  engine  analyzer. 

Turbine  inlet  temperature  limiting  is  used  to  provide  the  transient  mode 
of  engine  control.  Acceleration  and  deceleration  temperatures  are 
limited  by  programming  referred  turbine  inlet  temperature  against 
referred  gas  producer  speed  as  shown  in  Figure  2. 

An  isochronous  governor  provides  the  pilot  with  a  wide  range  of  power 
turbine  speed  control  for  turboshaft  operation.  In  multiple  engine  in¬ 
stallations,  the  pilot  setting  may  be  modified  by  the  load -sharing  function 
of  the  computer. 
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For  turboprop  operation,  engine  power  level  is  established  by  the  pilot's 
selection  of  gas  producer  speed.  The  gas  producer  governor  is  also  iso¬ 
chronous. 

Either  speed  governor  system  may  be  overruled  by  one  or  more  of  the 
proportional  limiting  sections  of  the  computer  through  the  "select  mini¬ 
mum"  logic.  Primary  limit  functions  are  low-pressure  rotor  overspeed 
if  applicable,  power  turbine  overtorque,  and  transient  turbine  inlet  tem¬ 
perature.  The  computer  also  contains  "select  maximum"  logic,  which 
insures  that  fuel  flow  never  drops  below  that  required  to  sustain  combus¬ 
tion. 

Under  emergency  conditions  such  as  power  turbine  overspeed  and  over¬ 
temperature,  the  computer  will  activate  a  fast-response  solenoid  valve 
to  shut  down  all  fuel  flow  to  the  engine. 

Engine  variable-geometry  systems  will  be  controlled  by  electrohydraulic 
or  electropneumatic  servo  systems.  The  computer  generates  geometry 
position  schedules  as  a  function  of  engine  parameters.  Electrical  posi¬ 
tion  transducers  mounted  on  the  actuators  provide  position  feedback  to 
the  computer,  and  the  resultant  position  error  acts  to  control  the  inter¬ 
face  devices  of  the  system. 
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CONTROL,  MODE  STUDY 


GENERAL 


To  imply  that  fuel  flow  scheduling  is  obsolete  for  future  gas  turbines 
would  be  extremely  premature  and  a  gross  injustice  to  this  proven 
method.  Yet,  in  a  sense,  we  do  so  when  we  propose  to  study  closed-loop 
acceleration  control  via  turbine  inlet  temperature.  In  doing  this,  how¬ 
ever,  we  must  be  careful  to  recognize  the  faults  and  limitations  in  this 
mode  of  control. 

Most  high-performance  military  gas  turbine  engines  are  limited  in  their 
appetite  for  acceleration  fuel  by  the  region  of  compressor  surge  which 
could  extend  well  up  into  the  useful  power  range.  In  the  high  power 
range  and  usually  during  starting,  the  limitation  is  established  by  the 
maximum  allowable  turbine  inlet  temperature.  Many  of  the  gas  turbine 
engines  in  production  today  have  maximum  turbine  inlet  temperature 
limiters  or  temperature  selection,  as  in  fixed-power  turbine  engines. 
Only  a  few  of  these,  however,  provide  control  of  acceleration  fuel  by  this 
limiting  of  turbine  inlet  temperature.  Those  that  have  this  capability 
are  primarily  industrial  turbines  that  operate  well  away  from  their  com¬ 
pressor  surge  regions  and  with  less  stringent  requirements  on  accelera¬ 
tion  time. 

The  latest  tool  that  permits  T5  acceleration  control  on  military  engines 
is  the  fluidic  oscillator  temperature  sensor.  In  essence,  its  nearly  in¬ 
stant  response  during  transients  will  record  the  temperature  spikes  in 
the  combustor  when  fuel  flow  is  changed  abruptly.  The  temperature 
spikes  and  associated  pressure  changes  are  related  thermodynamically 
to  produce  a  transient  operating  point  on  the  compressor  map.  Thus, 
rapid  measurement  of  T5  permits  close  observance  of  the  compressor 
surge  line. 

Certain  inherent  advantages  of  the  closed-loop  turbine  inlet  temperature 
control  mode  are: 

1.  Interchangeability  with  regenerator  cycle  engines 

2.  Immunity  to  different  fuel  types 

3.  Ability  to  eliminate  the  altitude  pressure  variable 

With  these  advantages  in  mind,  the  objectives  of  this  control  mode  anal¬ 
ysis  were  to: 
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1.  Verify  and  evaluate  control  system  logic 

2.  Modify  and  optimize  the  system  logic 

3.  Evaluate  different  hardware  approaches 

4.  Stabilize  and  optimize  system  response 

5.  Define  problem  areas  in  the  system  approach 

6.  Provide  potential  alternatives 
STUDY  APPROACH 

To  conduct  this  analysis,  it  was  necessary  to  use  an  advanced  engine  cycle 
in  the  2-  to  5-lb/sec  airflow  class.  A  representative  split  compressor 
configuration  with  free  power  turbine  was  selected.  Design  points  were  a 
pressure  ratio  of  14:1  and  a  turbine  inlet  temperature  of  2370°  F.  A 
turboshaft  engine  having  approximately  5  lb/sec  design  airflow  was  used 
for  the  basic  studies.  Variations  to  the  basic  engine  configuration  were 
considered,  such  as  a  turboprop  version,  a  regenerator  with  variable 
power  turbine  stators,  twin  turboshafts,  reduced  airflow,  and  16:1  cycle 
pressure  ratio  with  a  turbine  inlet  temperature  of  2500  F, 

It  was  recognized  that  a  split  compressor  design  would  require  an  addi¬ 
tional  speed  sensor  and  control  loop  in  the  system.  On  the  other  hand, 
analysis  derived  with  a  split  compressor  engine  provides  results  which 
are  more  comprehensive  and  universally  applicable  than  for  a  single¬ 
spool  design. 

The  following  general  requirements  were  initially  established  for  the  con¬ 
trol  system  to  provide  boundaries  on  the  study: 

1.  Power  turbine  speed  governing  for  helicopter  applications 

2.  Full-range  gas  producer  speed  governing  for  turboprop  applica¬ 
tions 

3.  Closed-loop  turbine  inlet  temperature  limiting  during  acceleration 
and  deceleration 

4.  Low-pressure  spool  overspeed  limiting 

5.  Torque  limiting 
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6.  Load  sharing  in  the  twin-engine  configuration. 

These  requirements  were  expanded  further,  as  follows,  to  provide  a  con¬ 
trol  system  logic  diagram  (Figure  3  )  for  linear  response  studies  on  the 
EAI  131R  analog  computer: 

1.  The  power  turbine  speed  governor  should  be  isochronous  to 
assure  constant  helicopter  rotor  speed  regardless  of  load  and 
flight  conditions. 

2.  The  gas  producer  speed  governor  and  maximum  steady-state  tur¬ 
bine  inlet  temperature  governor  should  be  isochronous  to  main¬ 
tain  the  same  limits  regardless  of  flight  condition. 

3.  Acceleration  and  deceleration  control  should  be  performed  by  com¬ 
paring  the  turbine  inlet  temperature  with  a  reference  temperature 
generated  as  a  function  of  gas  producer  speed  and  compressor  in¬ 
let  temperature. 

4.  Compressor  inlet  or  discharge  pressure  sensing  should  be  avoided 
for  altitude  and  flight  speed  compensation,  since  sufficient  param¬ 
eters  and  isochronous  governing  are  provided  for  this  purpose. 

5.  Limiting  functions  should  take  over  from  the  governing  function 
through  a  "select  minimum"  logic.  A  "select  maximum"  logic 
should  also  be  employed  to  assure  that  the  fuel  never  drops  below 
that  required  to  sustain  combustion. 

ANALYSIS  MFTHOD 

The  control  mode  analysis  was  divided  into  two  phases  consisting  of  (1) 
a  linear  system  response  analysis  and  (2)  a  nonlinear  system  response 
analysis.  The  first  phase  individually  established  system  stability  for 
each  control  loop  and  was  performed  using  an  analog  computer.  Inter¬ 
action  of  different  control  loops,  acceleration  control  accuracy,  and 
large-scale  engine  transients  were  evaluated  during  the  nonlinear  response 
analysis  phase  using  the  MIMIC  program  described  subsequently.  Modi¬ 
fications  to  the  control  system  logic  were  incorporated  during  and  subse¬ 
quent  to  each  phase. 
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LINEAR  SYSTEM  RESPONSE  ANALYSIS 


Baseline  Engine  Analysis 

Three  components  comprise  the  system  in  a  study  of  this  type.  Two  of 
these  are  independent,  e.  g.  ,  the  engine  and  load,  but  must  be  reduced  to 
a  dynamic  model  or  analog.  The  third  component,  the  engine  control,  is 
dependent  and  its  configuration  and  dynamics  must  be  varied  to  suit  the 
other  two. 

Considering  the  engine  first,  a  block  diagram  or  model  is  constructed  to 
represent  the  mathematical  relationships  occurring  between  those  param¬ 
eters  received  from  and  delivered  to  the  controller.  Quantities  contained 
within  the  blocks  are  in  the  form  of  partial  derivatives  and  are  known  as 
"engine  gains".  They  are  obtained  by  allowing  each  independent  variable 
to  make  a  4-percent  excursion  from  the  engine  steady-state  operating 
line  while  holding  all  other  variables  constant. 

By  referring  the  engine  gains  at  lower  power  level  to  their  corresponding 
design  point  value,  dimensionless  engine  gains  are  obtained.  For  simi¬ 
lar  engines  of  different  airflow,  but  identical  design  turbine  inlet  temper¬ 
ature  and  pressure  ratio,  the  dimensionless  gains  are  comparable  as 
indicated  in  Table  I.  Thus,  the  results  of  the  control  analysis  at  5  lb/ sec 
design  are  applicable  to  a  scaled  2  lb/sec  engine. 

When  considering  the  turboshaft  engine,  the  load  was  assumed  to 
be  a  helicopter  rotor  and  power  turbine  having  a  torsional  resonant 
frequency  of  5  cycles  per  second.  This  value  is  based  on  earlier  Avco 
Lycoming  studies  of  advanced  engines  and  rotor  systems.  No  lag  hinges 
or  dampers  were  used  in  the  analysis  to  simulate  "worst  case"  control 
applications . 

When  power  turbine  speed  is  controlled  with  a  resonant  load  system,  suf¬ 
ficient  stability  margin  must  be  provided  at  both  the  control  loop  cross¬ 
over  frequency  (unity  gain)  and  the  resonan'  quency.  Not  only  is  it 
important  to  provide  at  least  40-degree  phase  margin  at  crossover,  but 
the  control  should  attenuate  the  resonance  to  at  least  50  percent  of  unity. 
These  were  the  stability  criteria  established  for  the  linear  system  study. 

The  engine,  load,  and  control  logic  were  simulated  on  an  analog  compu¬ 
ter  to  evaluate  the  system  stability,  one  loop  at  a  time.  Single -engine 
operation  was  investigated  at  three  power  levels,  and  a  twin-engine  instal¬ 
lation  was  investigated  at  55  percent  per  engine.  Step  changes  in  load 
and  power  setting  were  limited  to  10  percent  to  remain  within  the  linear 
range  of  engine  gains. 
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Proportional,  integral,  and  proportional-plus-integral  control  were  in¬ 
vestigated,  Individually,  each  has  its  merits.  Proportional  control  per¬ 
mits  a  higher  crossover  frequency  than  the  integral  but  suffers  from 
steady-state  inaccuracy  or  "droop".  Integral  control  offers  high  accuracy 
but  can  easily  become  unstable  at  the  crossover  frequency  by  virtue  of  its 
basic  90-degree  phase  lag.  The  preferred  approach  is  proportional  plus 
integral  to  obtain  the  benefits  of  both  and  eliminate  the  need  of  an  altitude 
compensator  for  "droop". 

The  transfer  function  for  a  proportional-plus -integral  governor  may  be 
defined  as 

K  +  K_ 

_ E _L 

T  s  +  1  S 

Rearranging  terms  and  allowing  t  to  become  small,  the  function  looks 
like 


which  is  shown  graphically  in  Figure  4. 

Various  gains  and  shaping  networks  were  investigated  at  three  engine 
power  conditions  before  each  loop  was  optimized  to  obtain  the  desired 
response. 

Table  II  presents  the  optimum  control  gains  and  sensor  time  constants 
at  the  three  engine  power  conditions.  Figure  5  defines  the  block  diagram 
of  the  simulation. 

With  the  optimized  values,  a  10-percent  step  disturbance  was  introduced 
into  each  control  loop. 

Tables  III  and  IV  present  the  performance  obtained  in  each  loop  in 
response  to  the  indicated  disturbance. 

As  mentioned  earlier,  the  stability  criteria  for  the  power  turbine  speed 
control  loop  must  be  maintained  for  two  frequency  modes.  The  low- 
frequency  (crossover)  mode  is  determined  primarily  by  the  engine  param¬ 
eters  and  the  higher  frequency  mode  by  the  power  turbine  and  rotor 
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inertias  and  rotor  system  torsional  stiffness.  Since  the  rotor  system  is 
very  lightly  damped,  the  system  tends  to  oscillate  at  the  resonant  point 
of  5  cps.  The  proportional  lag  of  the  governor  was  designed  to  attenuate 
the  high-frequency  mode.  This  was  done  by  a  simple  lag  network  having 
a  time  constant  of  0.2  second,  allowing  a  gain  margin  of  approximately 
50  percent  at  the  5 -cps  point. 

A  frequency  response  of  the  power  turbine  speed  loop  was  conducted. 

(See  Figures  6  and  7. )  Note  that  the  crossover  frequency  of  the  loop  is 
0.25  cps  with  a  phase  margin  of  40  degrees.  The  gain  margin  at  the  load 
resonance  is  approximately  50  percent.  As  in  the  previous  cases,  the 
gain  constants  were  evaluated  at  three  power  levels.  (Refer  to  Table  III.) 
The  system  was  excited  with  a  10-percent  step  of  collective  pitch  (B )  and 
was  allowed  to  settle.  The  maximum  undershoot  was  0.8  percent,  and 
the  system  settled  to  within  0.  1  percent  within  3.0  seconds.  Various 
forms  of  B  reset  were  investigated  to  improve  the  transient  droop.  One 
method  was  dg/dt,  which  proved  to  be  unsuccessful  and,  because  the 
timing  and  the  slope  of  the  signal  were  very  critical,  was  abandoned. 

The  second  form  investigated  was  6  position  reset  which  did  reduce  the 
transient  droop.  However,  the  integrator  aids  in  this  area,  in  that  it 
also  eliminates  the  steady-state  droop.  Either  the  8  reset  could  be  used 
as  a  course  corrector  and  the  integrator  allowed  to  act  as  a  fine  correc¬ 
tor.  or  the  B  reset  could  be  ignored. 

Twin-Engine  Operation 

A  twin-engine  application  in  a  helicopter  was  investigated  for  stability. 

At  the  point  of  interest,  each  engine  produced  55  percent  of  its  available 
power.  Table  V  presents  the  transient  performance  obtained  in  the 
power  turbine  loop. 

Regenerator  Engine  Considerations 

A  regenerator  and  a  variable  power  turbine  stator  area  control  were 
added  to  the  single-engine  system.  The  three  loops  investigated  were  the 
power  turbine  speed  loop,  the  T5  loop,  and  the  loop.  Ten -percent 
step  disturbances  were  introduced  into  each  loop,  and  the  results  are 
shown  in  Table  VI. 

Comparing  Table  VI  with  Table  HI,  note  that  the  major  difference  in  per¬ 
formance  is  the  long  settling  characteristic  in  gas  producer  speed.  This 
is  not  unusual  when  considering  that  the  fuel  flow  has  ceased  to  vary  but 
the  heat  exchanger  continues  to  change  its  heat  input  for  as  much  as  4 
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seconds.  This  also  affects  the  transient  accuracy  of  the  Tg  control  since 
the  heat  exchanger  represents  a  long  time  constant  in  the  feedback  path 
to  the  control. 

The  results  indicated  that  the  gains  and  shaping  networks  optimized  for 
the  basic  engine  will  produce  acceptable  performance  with  a  regenerator. 

NONLINE/ R  SYSTEM  RESPONSE  ANALYSIS 

After  the  control  parameters  of  each  loop  were  optimized  independently, 
using  the  linear  analysis,  it  was  necessary  to  perform  large-scale  accel¬ 
eration  and  deceleration  transients  to  observe  the  interactions  between 
loops  as  control  was  passed  from  one  to  the  other. 

To  facilitate  this  study,  a  simulation  program  (MIMIC)  was  created  for 
the  engine  and  load.  (See  Figure  8  and  9.)  Essentially  MIMIC  is  a  pro¬ 
gram  for  digital  computers  written  in  analog  form  (refer  to  Appendix  I). 
The  engine  is  stored  in  the  form  of  component  maps  to  provide  any  station 
temperature,  pressure,  flow,  or  speed  throughout  the  transient  calcula¬ 
tion.  A  MIMIC  representation  of  the  control  computer  and  MIMIC  simu¬ 
lations  of  the  fuel  metering  systems,  Nos.  1  and  2,  are  provided  in 
Figures  10,  11,  and  12,  respectively. 

Turboshaft  and  turboprop  versions  of  the  engine  were  studied.  Large- 
scale  acceleration  and  deceleration  transients  of  50  and  100  percent  power 
change  were  performed  on  the  complete  control  system.  This  was  done 
with  a  nonresonant  load  to  minimize  computer  time. 

During  preliminary  studies,  it  became  apparent  that  the  control  had  to  be 
altered  to  eliminate  interaction  between  the  loops.  Initially,  each  gover¬ 
nor  had  its  own  individual  integral  path,  and  severe  transient  excursions 
ensued  when  mode  switching  occurred.  The  control  was  modified  to  in¬ 
corporate  one  common  integrator  for  all  the  proportional  governors. 

This  dramatically  reduced  transient  excursions. 

Further  studies  showed  that  transients  which  did  not  approach  the  accel¬ 
eration  temperature  reference  tended  to  transfer  control  back  and  forth 
between  the  speed  and  temperature  governing  modes.  To  correct  this 
undesirable  effect,  the  temperature  control  loop  was  converted  from  a 
governor  to  a  limiter,  as  indicated  in  the  final  system  logic  diagram 
(Figure  3). 
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For  the  turboshaft  application,  1 -second  ramps  of  3  different  collective 
pitch  magnitudes  were  introduced  to  the  system  (0  to  50  percent,  50  to 
100  percent,  and  0  to  100  percent).  The  system  responses  to  the  disturb¬ 
ances  are  displayed  in  Figures  13  through  18.  For  the  smaller  excur¬ 
sions,  the  temperature  did  not  reach  its  acceleration  limit.  The  response 
noted  in  the  other  parameters  is  typical  of  turboshaft  operation.  For  the 
100  percent  excursion,  the  temperature  did  reach  the  acceleration  limit 
and  limited  the  temperature  to  within  1  percent  of  the  desired  schedule. 

The  reduction  of  fuel  is  evident  in  the  trace.  Again,  the  response  noted 
in  the  other  parameters  is  typical  of  turboshaft  operation.  The  initial 
delay  noted  on  the  traces  is  attributed  to  the  1-second  ramp  input  and  the 
use  of  a  resonant  load  equilizer. 

For  the  turboprop  application,  a  0.3-second  ramp  of  select  from 
flight  idle  to  takeoff  power  was  introduced  to  the  system.  The  system 
responses  are  shown  in  Figures  19  and  20  .  The  temperature  did  reach 
the  acceleration  limit  and  controlled  the  temperature  to  within  5  percent 
of  the  desired  value  in  the  low  power  region  but  within  1  percent  in  the 
higher  power  region.  With  further  optimization  of  the  system'for  a  spe¬ 
cific  engine,  this  value  can  be  reduced.  The  responses  noted  are  typical 
of  turboprop  engine  operation.  Decelerations  were  checked  for  proper 
operation,  as  were  smaller  disturbances. 

The  final  control  logic  for  a  turboshaft  engine  utilizes  a  wide-range 
power  turbine  speed  governor  selected  by  the  pilot,  with  all  other  functions 
operating  as  limiters.  For  the  turboprop  engine,  the  gas  producer  is 
controlled  by  an  all-speed  governor.and  all  other  features  operate  as 
limiters.  The  control  can  be  used  interchangeably  with  minor  modifica¬ 
tion. 

The  multiple- function  fuel  handling  valve  with  a  positive  displacement 
pump  and  a  VSD  with  a  centrifugal  pump  were  evaluated  within  the  control 
system.  The  results  indicated  tha*  the  control  will  accept  the  dynamics 
of  either  fuel  metering  system  with  little  or  no  modification  of  the  com¬ 
puter. 

START -FUEL  SCHEDULING 


One  of  the  most  serious  deficiencies  in  automatic  controls  for  gas  turbine 
engines  is  their  inability  to  generate  the  highly  empirical  start-fuel 
schedules  required  with  any  real  degree  of  accuracy.  This  control  is  no 
exception,  although  it  has  one  distinct  advantage.  Limiting  the  fuel  rate 
by  sensing  turbine  inlet  temperature  avoids  the  major  problem  of  start¬ 
ing  with  cold  fuel  and  restarting  with  a  hot  engine. 
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Regarding  the  accuracy  of  Jete  rmining  fuel  rate  by  this  method,  the  weak 
link  lies  in  the  fluidic  oscillator  temperature  sensor  itself.  The  sensor 
requires  choked  airflow  through  its  cavity  to  generate  a  frequency  propor¬ 
tional  to  the  square  root  of  absolute  temperature  without  pressure  effects. 
Below  the  choking  condition,  the  generated  frequency  falls  off  much  the 
same  as  the  flow  function  through  a  nozzle.  Avco  Lycoming's  experi¬ 
ence  with  fluidic  oscillators  has  been  mostly  with  those  having  a  thresh¬ 
old  pressure  level  of  1.0  psig.  Between  this  level  and  choking,  they  will 
generate  a  frequency  which  is  related  to  temperature  but  is  erroneous 
due  to  pressure  level.  Down  to  about  30  percent  high-pressure  spool 
speed,  the  1.0  psig  threshold  seifsor  can  hold  its  own  (including  temper¬ 
ature  averaging  and  fuel  flow  sensor  errors)  with  the  best  of  today's  3D 
cam  controls.  However,  between  30  and  20  percent  N^,  at  which  speed 
the  minimum  fuel  flow  setting  occurs,  the  sensor,  averaging  and  meter¬ 
ing  errors  combined  climb  to  about  16  percent. 

A  recent  development  at  Harry  Diamond  Laboratories  holds  the  promise 
of  greater  sensor  accuracy  at  or  near  engine  firing  conditions.  This  is 
a  fluidic  oscillator  having  a  0.  1-psig  threshold  level.  Characteristics  of 
this  sensor  should  provide  improved  accuracy  at  lower  speeds. 


The  intent  of  the  subject  matter  in  this  section  was  to  highlight  the 
fact  that  a  problem  of  temperature  sensing  and  averaging  errors  exists 
in  the  starting  region.  Any  subsequent  hardware  development  program 
must  address  itself  to  the  solution  of  this  problem  if  the  goal  of  develop¬ 
ing  a  truly  workable  closed-loop  temperature  control  is  to  be  achieved. 


ELECTRONIC  COMPUTER 


CIRCUIT  DESIGN 


The  object  of  the  circuit  design  effort  was  to  produce  the  best  computer 
design  possible,  incorporating  the  latest  of  a  rapidly  changing  electronic 
technology.  Other  factors  being  equal,  the  test  design  is  the  one  which  is 
the  simplest  and  results  in  the  smallest  package.  To  achieve  this  goal, 
two  distinctly  different  computer  designs,  one  analog  and  the  other  digital, 
were  prepared  for  comparison. 

Analog  circuitry  is  being  used  extensively  for  similar  control  applications. 
Digital  circuitry,  while  quite  promising,  is  relatively  new  to  this  type  of 
application,  and  the  merits  of  this  approach  have  not  yet  been  established. 
Most  of  the  circuit  design  effort  was  spent  on  the  digital  design  because 
the  unknowns  were  principally  in  this  area. 

Both  designs  were  successfully  completed  and  are  discussed  in  detail  in 
the  following  paragraphs  of  this  section.  The  relative  merits  of  each 
design  are  presented  in  a  final  comparison  summary. 

The  power  supply  circuit  is  discussed  first  because  it  is  essentially  the 
same  for  both  designs. 

POWER  SUPPLY  CIRCUIT 

The  power  supply  circuit  (Figure  21  )  converts  ac  generator  voltage  to 
the  dc  voltage  required  by  the  computer  and  its  external  elements.  Accu¬ 
racy  of  the  regulation  required  for  the  computer  is  1  percent  of  the 
voltage;  however,  the  voltage  required  for  the  external  loads  such  as 
solenoids  and  servos  can  vary  by  +_  10  percent. 

While  several  designs  of  a  power  supply  circuit  were  considered,  the  final 
design  is  based  on  the  use  of  a  regulated  (excited  field)  generator.  (Refer 
to  Appendix  VI. )  The  terminal  voltage  of  the  generator  is  controlled  by  a 
computer-supplied  excitation  current  Vexc  and  is  controlled  to  ^  10  per¬ 
cent.  The  regulation  required  for  the  external  loads  is  accomplished  at 
the  generator.  The  ac  voltage  is  then  rectified  in  the  computer  before 
transmission.  This  configuration  results  in  a  minimum  of  power-hand¬ 
ling  regulator  circuits  and  minimum  internal  power  dissipation.  With  the 
+  10  percent  rectified  voltage  applied  to  the  regulating  circuit,  the  regu¬ 
lator  requires  only  a  simple  power  amplifier  operating  on  a  fixed  refer¬ 
ence  voltage. 
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ANALOG  CIRCUIT 


General 


Computation  is  generally  performed  by  the  use  of  operational  amplifiers 
and  feedback  circuitry  (consisting  of  resistors  and  capacitors).  The 
operational  amplifier  itself  is  a  high-gain  (of  the  order  of  2000)  voltage 
amplifier  to  which  external  components  are  connected  in  a  negative  feed¬ 
back  arrangement.  This  reduces  the  net  gain  of  the  device  but  improves 
overall  performance. 

Inaccuracies  in  an  operational  amplifier  circuit  result  from  both  gain  and 
zero  offset  errors  which  result  from  changes  in  ambient  temperature. 

The  accuracies  given  are  those  to  be  expected  over  the  required  tempera¬ 
ture  range.  All  accuracies  specified  are  in  percentage  of  full  scale.  It 
should  be  noted  that  in  a  closed -loop  control  mode,  gain  variations  do 
not  significantly  contribute  to  performance  degradation. 

For  simplicity,  potentiometers  are  shown  as  command  and  position  trans¬ 
ducers  in  the  diagrams.  Linear  variable  differential  transformers  (or 
equivalent  devices)  and  their  associated  conditioning  circuitry  would 
actually  be  used  in  applications  where  reliability  is  critical  such  as  the 
high-pressure  spool  speed  select  function. 

Signal  Conditioning  Circuits 

Engine  Speed  and  T,-  Signal  Conditioning  Circuit 

This  circuit  converts  the  variable  frequency  signal  from  a  magnetic 
pickup  or  a  fluidic  temperature  sensor  to  a  proportional  dc  voltage. 

The  signal  to  be  measured  is  converted  to  a  square  wave  by  a  high- 
gain  amplifier  (see  Figure  22).  The  square  wave  is  differentiated, 
and  the  resulting  pulses  trigger  a  one-shot  multivibrator  whose  out¬ 
put  is  a  constant-duration  pulse  at  a  rate  equal  to  the  frequency  of  the 
source.  The  generated  pulses  are  then  amplitude  regulated  and  inte¬ 
grated  to  obtain  the  dc  voltage  proportional  to  signal  frequency. 

This  circuit  is  capable  of  4^  1  percent  accuracy  under  all  operating 
conditions. 
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Turbine  Inlet  Temperature  Averaging  Circuit 


This  circuit  (Figure  23  )  computes  the  average  turbine  inlet  tempera¬ 
ture,  T [.  AVG,  based  upon  measurements  taken  on  8  individual 
temperature  sensors.  Each  sensor  frequency  is  converted  to  a  pro¬ 
portional  dc  voltage.  The  8  signals  are  connected  through  solid- 
state  switches  to  the  averaging  circuit.  Each  switch  is  controlled 
by  a  comparator,  which  opens  the  switch  in  the  event  of  a  failure  of 
the  associated  sensor.  The  averaging  circuit  will  continue  to  gener¬ 
ate  the  average  of  the  remaining  active  sensor  outputs. 

The  averaged  output  of  all  8  sensors  is  normally  transduced  with  an 
accuracy  of  ^  1  percent.  This  accuracy  changes  to  +_  1-1/4  percent 
with  7  active  sensors,  and  2  percent  with  just  4  active  sensors. 

Fuel  Control  Mode  Circuits 


Power  Turbine  Speed  Governor  with  Load  Sharing  Circuit 

This  circuit  (Figure  24  )  represents  the  proportional  section  of  the 
power  turbine  speed  governor.  It  corrects  errors  in  power  turbine 
speed  caused  by  sudden  speed-select  changes  or  fast  external  per¬ 
turbations.  The  complete  power  turbine  speed  governor  consists  of 
this  proportional  circuit,  the  mode  select,  and  the  integrator. 


The  desired  power  turbine  speed  is  selected  by  positioning  the  N  SEL 
potentiometer.  The  Np  SEL  voltage  applied  to  the  control  circuit  is 
compared  with  a  voltage  representing  the  power  turbine  speed,  N 
MEAS.  The  difference  (error)  voltage  is  amplified  by  A1  and  A2*to 
obtain  a  voltage  representing  the  amount  of  fuel  required  W£  (N  )  to 
correct  Np  MEAS.  P 


For  twin-engine  applications,  load  sharing  has  been  incorporated. 
The  local  engine  torque  (Qjoc )  refers  to  the  engine  being  controlled 
by  the  circuit  under  consideration.  When  the  remote  (other)  engine 
torque  Qrem  is  greater  than  Qjoc,  W^  (N  )  is  changed  in  a  direction 
to  raise  the  level  of  the  engine  at  lower  power.  Under  no  circum¬ 
stances  will  the  control  reduce  the  power  of  either  engine. 

Noise  immunity  is  afforded  by  the  feedback  capacitor  in  the  A1  cir¬ 
cuit  which  reduces  the  high-frequency  response. 
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This  circuit  is  capable  of  the  following  performance  over  the  opera¬ 
ting  temperature  range: 

Loop  Accuracy,  +  1-1/2  percent 

Gain  Variation,  +_  1  percent 

High-Pressure  Spool  Speed  Governor  Circuit 

This  circuit  (Figure  25)  represents  the  proportional  or  "fast  path" 
section  of  the  high-pressure  spool  speed  governor.  Its  purpose  is 
to  correct  errors  in  high-pressure  spool  speed  caused  by  sudden 
speed-select  changes  or  fast  external  perturbations.  The  complete 
high-pressure  spool  speed  governor  consists  of  this  proportional 
control,  the  mode  select,  and  the  integrator. 

The  desired  high-pressure  spool  speed  (N^  SEL)  voltage  is  compared 
with  a  voltage  representing  measured  high-pressure  spool  speed 

MEAS).  The  difference  (error)  voltage  is  amplified  by  A1  and  A2 
to  obtain  a  voltage  representing  the  amount  of  fuel  Wf  (N  )  required 
to  correct  MEAS.  “ 

This  circuit  is  capable  of  the  following  performance  over  the  opera¬ 
ting  temperature  range? 

Loop  Accuracy,  +_  1  percent 

Gain  Variation,  _+  1  percent 

Power  Turbine  Torque  and  Low-Pressure  Spool  Speed  Limiter 
Circuits 

These  circuits  (Figure  26  )  prevent  overtorque  and  overspeed  of  the 
controlled  engine.  The  complete  limiters  consist  of  these  circuits: 
the  mode  select  and  the  integrator. 

The  fixed  design  limits  of  torque  and  speed  are  represented  by  fixed 
voltages  Q1qc  LIM  and  LIM.  The  limit  voltages  are  compared 
with  voltages  representing  the  measured  torque,  0loc  MEAS  .  and 
measured  speed,  MEAS.  The  error  voltages  are  amplified  to 
obtain  voltages  representing  the  amount  of  fuel  required  to  keep  the 
levels  of  the  measured  parameters  below  the  design  limits. 
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These  circuits  are  capable  of  the  following  performance  over  the 
operating  temperature  range: 

Loop  Accuracy,  +^2  1/2  percent  (torque  limiter) 

+_  1  percent  (speed  limiter) 

Gain  Variation,  +_  1  percent 

Acceleration  and  Deceleration  Limit  Circuit 


This  circuit  (Figure  27)  maintains  upper  (acceleration)  and  lower 
(deceleration)  limits  of  flow  to  prevent  engine  surge,  overtempera¬ 
ture,  and  flameout.  The  complete  circuit  consists  of  the  propor¬ 
tional  sections,  the  mode  select,  and  the  integrator. 

Acceleration  and  deceleration  fuel  flows  are  determined  as  functions 
of  the  proximity  of  turbine  inlet  temperature  (Tg  MEAS)  to  surge  and 
flameout  levels,  T5  ACCEL  REF  and  T5  DECEL  REF,  respectively. 
Tg  ACEL  REF  and  Tg  DECEL  REF,  having  been  computed  as  func¬ 
tions  of  high-pressure  spool  speed  and  compressor  inlet  tempera¬ 
ture,  are  compared  with  Tg  MEAS.  The  difference  voltages  are 
amplified  to  obtain  voltages  representing  acceleration  and  decelera¬ 
tion  fuel  flow  limits,  Wf  (ACC)  and  Wf  (DEC),  respectively. 

Improved  loop  stability  results  from  a  level -dependent  loop  gain  which 
is  higher  for  large  errors. 

This  circuit  is  capable  of  the  following  performance  over  the  opera¬ 
ting  temperature  range: 

Loop  Accuracy,  +_  1  percent 

Gain  Variation,^  1  percent  steady  state 

+_  3  percent  transient 

Control  Mode  Selector  Circuit 

This  circuit  (Figure  28  )  selects  the  fuel  control  mode  and  passes  the 
command  fuel  flow  demanded  by  that  mode  to  the  integrator. 
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The  selector  first  chooses,  on  a  "least  wins"  basis,  among  the  outputs 
of  the  power  turbine  governor,  the  torque  limiter,  the  high-pressure 
spool  speed  governor,  the  acceleration  limit  control,  and  the  low  spool 
speed  limiter.  For  example,  if  the  acceleration  limit  fuel,  Wf  (ACC), 
is  the  least  output, then  the  "least  wins"  section  will  select  Wf  (ACC). 

The  signal  selected  is  passed  to  the  next  section  of  the  circuit,  where  it 
is  compared  on  a  "most  wins"  basis  to  the  deceleration  limit  and  a  fixed 
starting  fuel  flow  level,  LOW  Wf  LIM.  If  all  signals  are  at  a  lower  level 
than  that  of  the  deceleration  limit,  the  output  of  the  control  mode  selec¬ 
tor  will  be  the  deceleration  limit  W£  (DEC). 

This  circuit  is  capable  of  the  following  performance  over  the  operating 
temperature  range: 

Loop  Accuracy, +_  2  percent 

Gain  Variation,  +_  1  percent 

Integrator  Circuit 

This  circuit  (Figure  29  ),  common  to  all  control  modes,  minimizes 
steady-state  control  errors  by  providing  high  gain  under  steady-state 
conditions.  Under  transient  conditions,  the  circuit  presents  a  low  gain 
proportional  path.  The  output  of  the  integrator  is  the  final  computed 
value  of  command  fuel. 

A  voltage  representing  high-pressure  spool  speed,  MEAS,  drives  a 
function  generator,  the  output  of  which  is  G  (N^).  The  output  of  the 
linear  ramp  generator  and  G  (N^)  are  inputs  to  a  comparator  Cl.  Out¬ 
put  voltage  of  the  comparator  is  positive  when  G  (Njj)  is  greater  than  the 
ramp  voltage  and  zero  when  G  (N^)  is  less.  The  output  of  the  compara¬ 
tor  is,  therefore,  a  rectangular  wave  signal  whose  duty  cycle  is  propor¬ 
tional  to  G  (N^).  e  This  signal  is  used  to  switch  the  output  voltage  of  the 
mode  selector,  Wj  COMMAND,  resulting  in  a  rectangular  wave  signal 
whose  duty  cycle  is  proportional  to  G  (N^)  and  whose  amplitude  is  pro¬ 
portional  to  COMMAND.  When  this  signal  is  acted  upon  by  integrating 
amplifier  Al,  the  resulting  output  is  a  voltage  proportional  to  the  product 

of  G  (N,  )  and  Wf  COMMAND, 
h. 

Under  normal  operation,  G  (N  )  X  W  COMMAND  is  the  input  to  integra¬ 
ting  amplifier  A3,  which  provides  the  nigh  gain  to  low  frequency  inputs. 

The  output  of  A3  is  added  in  summing  amplifier  A4  to  the  output  of  the  low- 
gain  proportional  A2  path. 
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For  the  A3  integration  operation,  COMMAND  can  be  considered  to 
represent  a  measure  of  the  command  rate  of  change  of  engine  fuel  flow. 
Since  a  constant  fuel  flow  is  desired  in  steady  state,  W  COMMAND  is 
the  system  error.  Gross  error  reset  is  accomplished  by  comparing 
W£  COMMAND  with  preset  high  and  low  error  limits  and,  when  the  limits 
are  exceeded,  switching  the  input  to  the  integrator  to  zero  through  field 
effect  transistor  Ql.  This  allows  only  fast-path  operations  to  be  per¬ 
formed  on  the  gross  error  inputs  experienced  during  transients. 

This  circuit  is  capable  of  the  following  performance  over  the  operating 
temperature  range: 

Loop  Accuracy,  _+  2  percent 

Gain  Variation,  _+  4  percent 

Fuel  Metering  Control  Circuit 

This  circuit  (Figure  30  )  monitors  and  trims  the  fuel  metering  system 
such  that  the  fuel  delivered  to  the  engine  is  equal  to  that  of  command  fuel. 

A  voltage  representing  command  fuel  (W^  COMMAND),  having  been  com¬ 
puted  at  the  integrator  output,  is  compared  with  a  voltage  representing 
the  actual  fuel  being  delivered,  MEAS.  The  difference  voltage  is 
power  amplified  and  is  applied  to  either  the  positive  or  the  negative  dis¬ 
placement  motor  winding.  The  motor  displacement  results  in  a  change  in 
Wj  MEAS  which  cancels  the  difference  voltage. 

Negative  feedback  around  the  operational  amplifier  is  obtained  from  the 
complementary  power  output  stage,  rather  than  the  output  of  the  opera¬ 
tional  amplifier.  Overall  offset  drift  and  deadband  are  thus  minimized. 

This  circuit  is  capable  of  the  following  performance  over  the  operating 
temperature  range: 

Loop  Accuracy,  +_  1  percent 

Gain  Variation,  _+  2  percent 

Acceleration  and  Deceleration  Limit  Generator  Circuits 


These  circuits  (Figure  31  )  compute  the  design  levels  of  the  acceleration 
and  deceleration  schedules.  These  computed  outputs  are  compared  with 
the  measured  average  turbine  inlet  temperature  to  determine  the  error. 
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Tg  ACCEL  REF  and  DECEL  REF  are  known  functions  of  high-pressure 
spool  speed  and  compressor  inlet  temperature.  Straight-line  approxi¬ 
mation  functions  are  generated  from  voltages  representing  measurements 
of  high-pressure  spool  speed  (N^  MEAS)  and  compressor  inlet  tempera¬ 
ture  (T^  MEAS).  For  simplicity,  it  may  be  considered  that  for  each 
reference,  a  single  function  of  MEAS  is  generated  and  that  the  func¬ 
tion  is  biased  by  MEAS  as  required. 

T  DECEL  REF  is  approximated  as  a  single  straight-line  function. 

MEAS  is  added  as  a  linear  function.  The  slope  of  the  straight-line  func¬ 
tion  of  MEAS  is  represented  by  the  gain  of  the  operational  amplifier 
in  the  Tr  DECEL  REF  circuit.  The  change  of  the  function,  with  respect 
to  Tj  MEAS,  determines  the  input  resistance  to  the  operational  ampli¬ 
fier  from  Tj  MEAS. 

Tg  ACCEL  REF  is  approximated  by  several  straight-line  segments.  The 
negative  slope  portion  of  the  function  of  N,  MEAS  is  generated  by  opera¬ 
tional  amplifiers  A2,  A3,  and  A4;  the  positive  slope  portions,  by  A5, 

A6,  and  A7.  The  required  "shift  right"  change  with  Tj  MEAS  is  accom¬ 
plished  by  an  input  voltage  addition  at  operational  amplifier  Al,  while 
the  required  "shift  up"  change  is  generated  by  an  output  voltage  addition 
at  A8.  While  each  straight-line  voltage  segment  is  generated  over  the 
entire  range  of  MEAS,  the  desired  portion  of  the  segment  is  selected 
by  "most"  and  "least  wins"  logic  circuits. 

The  circuits  are  capable  of  the  following  performance  over  the  operating 
temperature  range: 

T  ACCEL  Loop  Accuracy,  +  3  percent 
5 

Tj.  DECEL  Loop  Accuracy,  +_  2  percent 
Inlet  Guide  Vane  Control  Circuit 


This  circuit  (Figure  32  )  generates  a  signal  wMch  positions  the  inlet 
guide  vanes  as  a  function  of  referred  low-pressure  spool  speed.  A  volt¬ 
age  representing  the  desired  inlet  guide  vane  position  as  junction  of 
low  spool  speed,  MEAS,  and  compressor  inlet  temperature,  T^  MEAS, 
is  generated.  This  voltage  is  compared  with  a  voltage  repreeenting  the 
actual  guide  vane  position,  MEASOjQy.  The  error  or  difference  between 
the  two  is  power -amplified  and  applied  to  the  winding  of  a  proportional 
solenoid,  which  corrects  the  error. 
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The  circuit  is  capable  of  the  following  performance  over  the  operating 
temperature  range: 

Loop  Accuracy,  4^  1  percent 

Gain  Variation,  +_  5  percent 

Power  Turbine  Overspeed  and  Abort-Start  Shutoff  Control  Circuit 

This  circuit  (Figure  33)  provides  a  means  of  rapidly  reducing  delivered 
fuel  in  the  event  of  an  aborted  start  or  power  turbine  overspeed.  The 
driver  circuit  of  the  main  fuel  shutoff  solenoid  can  be  driven  by  either 
an  abort-start  signal  from  the  autostart  section  or  by  the  output  of  a 
comparator  that  is  active  only  when  a  voltage  representing  power  tur¬ 
bine  speed,  N  MEAS,  is  greater  than  a  fixed  voltage  representing  an 
upper  limit  of^power  turbine  speed,  LIMIT. 

Automatic  Starting  System 

The  automatic  starting  system  (Figure  34)  programs  the  starting  se¬ 
quence,  monitors  engine  parameters,  and  controls  the  engine  starting 
accessories. 

When  a  starting  sequence  is  initiated  from  the  autostart  switch,  power  is 
applied  to  the  ignition  and  starting  fuel  valve  control  line  and  the  starter 
motor.  During  a  normal  start,  when  the  high-pressure  spool  speed  attains 
10  percent,  the  starting  fuel  valve  is  opened  and  ignition  begins.  When 
this  speed  increases  to  40  percent,  a  successful  start  has  been  accom¬ 
plished,  and  the  starting  system  is  automatically  reset  and  de-energized. 

The  system  can  be  reset  and  de-energized  during  the  starting  sequence 
either  by  an  undervoltage  condition  of  the  airframe  dc  supply  or  manually 
by  depressing  the  autostart  switch  a  second  time. 

Depressing  the  autostart  switch  depicted  in  Figure  34  energizes  the  set 
coil  (S)  of  a  latching  relay  whose  contacts  (in  the  positions  shown)  turn  on 
the  regulator  to  arm  the  starting  system  and  also  energize  relay  K2 
through  its  driving  silicon-controlled  rectifier  (SCR).* 


♦  For  the  sake  of  simplicity  both  in  text  and  in  Figure  34  ,  solid-state 
switches  shall  be  referred  to  as  relays. 


Relay  K1  can  be  energized  to  initiate  the  aborted  starting  sequence  by  a 
positive  output  from  either  the  overtemperature  shutdown  circuit  or  the 
40-second  timer  before  a  normal  start  reset  is  effected. 


Relay  K2  can  be  de-energized  to  de-energize  the  starter  relay  either  by 
switching  off  the  regulator  normally  supplying  the  coil  voltage  (termi¬ 
nating  a  successful  start)  or  by  a  positive  output  from  the  10-second 
dry-crank  timer  during  an  aborted  starting  sequence. 

The  reset  coil  (R)  of  the  latching  relay  can  be  energized  either  by  de¬ 
pressing  the  autostart  switch  while  K2  is  energized  or  by  receiving  posi¬ 
tive  outputs  from  the  40-percent  speed  circuit,  the  undervoltage  circuit, 
or  the  10-second  reset  timer. 

The  timer  circuits  consist  of  temperature-compensated  unijunction  os¬ 
cillators,  whose  periods  are  determined  by  resistor-capacitor  combina¬ 
tions.  The  application  of  a  positive  input  voltage  will  result  in  a  positive 
output  voltage  following  a  fixed  time  delay. 

The  undervoltage  detection  circuit  is  a  high-gain  voltage  amplifier  stage 
operating  upon  the  difference  voltage  between  the  airframe  supply  and  a 
low  limit  reference. 

The  speed  trip  circuit  monitors  the  period  of  an  ac  input,  the  frequency 
of  which  is  proportional  to  high-pressure  spool  speed  Njj.  When  the 
input  period  is  less  than  an  internally  generated  reference,  a  positive 
output  pulse  is  produced. 

The  overtemperature  shutdown  circuit  is  a  Schmitt  trigger,  which  consists 
of  a  two- stage  amplifier  employing  positive  feedback,  such  that  an  out¬ 
put  is  produced  when  the  input  exceeds  a  predetermined  level. 

The  regulator  supplies  the  power  for  the  starting  system  control  circuits. 
This  regulator  is  provided  to  allow  complete  shutdown  of  the  starting 
system  independent  of  the  fuel  control  circuitry.  The  regulator  is  a  dc 
voltage  control  circuit  employing  feedback  to  maintain  its  output  voltage 
constant  over  fixed  ranges  of  input  voltage  and  output  current  change. 
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DIGITAL  CIRCUIT 


Digital  designs  for  the  required  circuit  functions  were  investigated.  In 
digital  computation,  the  value  of  a  parameter  (word)  is  expressed  as  a 
number  of  bits,  each  of  which  has  one  of  two  values,  zero  or  one.  The 
bits  may  all  be  registered  at  one  time  (parallel)  or  in  time  sequence 
(serial). 

The  digital  design  was  pursued  because  it  offers  the  following  potential 
advantages  over  the  analog  design: 

1.  Performance  improvements  in  accuracy  and  temperature 
stability 

2.  Hardware  compatibility  with  large-scale  monolithic  integration 
packaging 

While  the  second  advantage  may  not  be  feasible  today,  it  will  become 
feasible  in  the  future.  Converting  from  film  to  monolithic  fabrication 
will  require  little  redesign. 

Several  computation  techniques  were  examined,  each  of  which  involves 
the  use  of  a  basic  element  or  small  group  of  elements.  Trade-off  studies 
were  conducted  to  select  various  alternative  methods  of  performing  digi¬ 
tal  computation,  such  as  incremental  versus  whole  word  methods  and 
serial  versus  parallel  methods.  The  functions  performed  by  the  digital 
circuits  are  the  same  as  for  the  analog  circuits  previously  described. 

The  major  performance  difference  is  in  the  improved  tolerances  which 
can  be  achieved  by  the  use  of  the  digital  techniques. 

Computation  techniques  are  discussed  in  this  section,  and  circuit  descrip¬ 
tion  is  provided  for  those  circuits  for  which  supplemental  information  is 
appropriate. 

Computation  Technique 

Serial  Versus  Parallel  Computation 

Investigation  of  both  serial  and  parallel  computation  techniques 
revealed  (1)  that  the  serial  method  has  the  advantage  of  requiring  less 
hardware  and  (2)  that  the  parallel  method  permits  higher  computing 
speed.  The  serial  method  was  chosen  because  the  feature  of  faster 
computation  is  not  required. 
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In  the  serial  computation  technique,  quantities  are  represented  by 
binary  numbers  (words),  the  digits  (bits)  of  which  are  interrelated 
by  time.  Each  bit  is  located  in  the  time  between  two  successive 
negative  transitions  of  a  clock's  square  wave.  As  shown  in  Figure 
35  ,  each  word  is  bounded  by  a  TMI  (beginning  of  word)  pulse  and  a 
TSN  (end  and  sign  of  word)  pulse.  The  wo*-d  begins  on  the  negative 
transition  of  TMI  and  ends  when  TSN  is  equal  to  1.  The  order  of  the 
bits  increases  in  significance  with  respect  to  time.  The  sign  of 
the  word  is  defined  during  TSN  time.  If  the  sign  bit  of  the  word  is 
logic  zero,  the  word  is  positive  and  is  evaluated  by  converting  each 
binary  digit  to  its  decimal  equivalent  and  adding  directly.  (For  the 
example  given,  2®  +  2^  =  +  17.  )  If  the  sign  bit  is  at  logic  1,  the 
word  is  negative  in  two's  complement  form  and,  for  a  seven  bit  word, 
is  evaluated  by  subtracting  7?  from  the  addition  of  the  decimal  equi¬ 
valents.  (For  the  example  given,  2®  4  2 ^  +  2^  +  2^  +  2^  +  2  -  7? 

=  -9.) 


In  general,  the  tolerance  capabilities  o.  the  digital  circuits  are  plus 
or  minus  the  least  significant  bit.  Close  tolerance  can,  therefore, 
be  achieved  at  the  expense  of  additional  hardware  and  increased 
computation  time.  Hence,  optimum  circuit  design  requires  careful 
specification  tolerance  studies  to  keep  the  hardware  and  computation 
time  at  a  minimum.  Accuracies  of  _+  1  percent  are  typical  of  the 
digital  circuits. 

Computation  Hardware 

Computing  elements  examined  were  general-purpose  computer  logic 
elements  in  a  basic  logical  approach  and  are  as  follows;  the  Digital 
Differential  Analyzer  (DDA),  the  Binary  Rate  Multiplier  (BRM),  and 
the  recently  developed  Digital  Incremental  Computer  (DIC)  elements. 

The  DIC  elements  combine  many  of  the  features  of  the  others  and 
were,  therefore,  selected  as  the  main  computing  element  hardware. 

In  the  DIC  category,  four  types  of  integrated  circuits  have  been  made 
available.  Each  of  these  circuits  performs  a  particular  serial  incre¬ 
mental  computation  function.  Various  interconnections  among  these 
elements  result  in  a  variety  of  arithmetic  and  transfer  functions  in¬ 
volving  whole-word  addition  and  subtraction,  and  incremental  multi¬ 
plication  and  division.  Whole-word  arithmetic  is  performed  on  entire 
quantities,  while  incremental  computation  is  performed  only  on  small 
changes  in  the  quantities.  The  outputs  of  an  incremental  operation 
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are  accumulated  to  form  a  whole-word  result.  The  symbols  for  the 
four  elements  defined  below  are  depicted  in  Figure  36  .  The  Scale 
Factor  Array  converts  a  parallel  number  to  serial  form  and  is  used 
to  insert  numbers,  either  functions  of  measured  variables  or  per¬ 
manent  constants,  into  the  computations.  The  Variable  Storage 
Array  is  an  accumulator  chip  that  converts  increments  into  whole- 
word  variables.  The  Incremental  Multiplier  performs  multiplication 
of  a  whole  word  by  an  increment  and  also  provides  for  whole-word 
addition.  The  Incremental  Selector  is  a  magnitude  comparator  nor¬ 
mally  used  for  incremental  division.  While  the  circuits  described 
show  the  Incremental  Selector  used  as  a  whole-word  comparator, 
ambiguities  resulting  from  input  sign  changes  must  be  resolved 
before  the  element  can  actually  be  used  in  this  manner.  Within  the 
Increment  Multiplier  is  a  decoder  chip  (D)  which  decodes  an  incre¬ 
ment  into  whole -word  form  prior  to  addition. 

Signal  Conditioning 

Speed  Measuring  Circuit 

This  circuit  (Figure  37  )  generates  a  binary  number  representative 
of  engine  speed.  Requirements  are  a  resolution  of  one  part  in  one 
thousand  and  a  computation  time  of  10  milliseconds  maximum. 

For  an  assumed  input  frequency  range  of  400  to  4000  Hertz,  use  of 
the  conventional  counting  technique  of  counting  pulses  over  a  period 
of  time  would  require  a  computation  time  of  2  50  milliseconds  to 
achieve  satisfactory  resolution.  Therefore,  it  is  necessary  to  com¬ 
pute  the  frequency  as  the  reciprocal  of  its  measured  period  (T),  or 
interval  between  similar  points  on  the  input  signal  as  a  function  of 
time. 

This  circuit  uses  a  read-only  memory  (ROM)  as  a  reciprocal  func¬ 
tion  generator.  The  ROM  element  is  a  storage  device  that  can  be 
arranged  with  an  input  of  eight  bits.  The  relationship  between  the 
input  and  output  will  result  in  an  output  that  satisfies  the  predeter¬ 
mined  relationship.  The  device  is  employed  to  generate  any  function 
of  an  input  variable  with  eight -bit  accuracy. 

The  best  ROM  element  currently  available  can  process  a  maximum 
of  eight  bits  of  information.  Therefore,  an  approximation  that 
satisfies  the  resolution  and  accuracy  requirement  has  been  im¬ 
plemented  by  this  design. 
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With  the  approximation,  the  counter  and  register  are  shifted  with 
respect  to  the  ROM  such  that  the  ROM  is  operating  only  on  the  most 
significant  bits  of  the  computation,  and  the  least  significant  bits  are 
simply  subtracted.  The  number  of  shifts  is  determined  by  the  input 
period  (T).  As  T  increases  (for  decreasing  frequencies)  to  values 
requiring  more  than  ten  bits  for  its  evaluation,  the  shifting  begins. 
By  successive  shifting,  the  circuit  can  handle  order -of-magnitude 
changes  of  input. 

Analog-to-Digital  (A/D)  Converter  Circuit 


This  circuit  (Figure  38)  converts  an  analog  dc  voltage  to  a  digital 
signal  by  a  technique  in  which  the  analog  input  is  compared  with  an 
analog -equivalent  to  the  digital  output.  The  comparator  allows  the 
triggering  clock  pulses  to  increase  the  binary  number  in  the  counter 
during  the  time  when  the  analog  input  is  greater  than  the  analog  out¬ 
put.  When  the  output  is  equal  to  the  input,  the  counting  process  is 
interrupted.  The  digital  number  in  the  counter  is  then  equal  to  the 
input.  The  switching  circuit  and  the  resistive  ladder  network  func¬ 
tion  as  a  digital-to-analog  converter  to  obtain  the  analog -equivalent 
of  the  digital  number.  The  circuit  is  sampled  and  reset  at  a  rate  low 
enough  to  allow  the  largest  analog  input  to  be  digitized. 

Turbine  Inlet  Temperature  Signal  Averaging  Circuit 

This  circuit  (Figure  39  )  computes  the  average  turbine  inlet  tem¬ 
perature  (Tj.  MEAS)  from  measurements  taken  by  eight  individual 
sensors,  SI  through  S8. 

The  input  frequency  of  the  sensors  is  in  a  range  that  allows  the 
use  of  conventional  counting  techniques.  Pulses  from  each  sensor 
are  gated  to  a  counter  for  a  constant  time  interval  (T).  Sensor  oper¬ 
ation  is  verified  by  a  circuit  that  monitors  the  highest  order  bits 
of  the  counter;  the  presence  of  logic  l's  in  these  bits  means  that  the 
associated  sensor  is  operational  and  that  the  number  in  the  counter 
can  be  gated  to  the  averaging  circuit.  The  monitoring  circuit  out¬ 
puts  are  summed  and  decoded  to  form  N,  the  number  of  operational 
sensors.  The  average  turbine  inlet  temperature  is  computed  by 
multiplying  each  reading  by  1/N  and  then  adding.  In  the  event  of 
sensor  failure,  the  path  in  which  the  failure  occurs  is  opened,  and 
N  is  corrected.  The  output  represents  the  average  of  the  remaining 
operational  sensors. 
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Control  Mode  Selector 


Dual  input  comparators  require  iterative  "pairing  off"  of  inputs  in  order 
to  confine  the  problem  to  a  selection  between  two  variables.  (See 
Figure  40  , ) 

Integrator 

High-pressure  spool  speed,  MEAS,  is  used  to  program  the  integrator's 
time  constant  through  a  read-only-memory  (ROM)  circuit.  The  transfer 
function  is  thus  continually  adjusted  to  remain  optimized  over  the  entire 
operating  range.  (See  Figure  41  .  ) 

Acceleration  and  Deceleration  Limit  Generators 

An  ROM  circuit  is  used  to  generate  the  basic  acceleration  reference  as  a 
function  of  referred  high-pressure  spool  speed  (N^  MEAS  and  Tj  MEAS). 
This  results  in  an  overall  accuracy  of  +_  1  percent.  (See  Figure  42.) 

Inlet  Guide  Vane  and  Fuel  Handling  System  Control  Circuit 

The  nature  of  the  inlet  guide  vane  control  and  fuel  handling  system  re¬ 
quirements  is  such  that  simple  proportional  controls  are  satisfactory. 

The  more  economical  analog  implementation  is  sufficient.  (See  Figures 
30  and  32  .  ) 

Automatic  Starting  System 

Time  measuring,  speed  detection,  overtemperature  shutdown,  and  se¬ 
quencing  can  be  performed  by  digital  circuitry.  (See  Figure  43.)  Regu¬ 
lation  and  under -voltage  detection  are  more  practically  performed  by  the 
analog  circuits  previously  described. 

The  start  reset  logic  is  a  three -state  sequential  circuit.  When  the  mas¬ 
ter  dc  switch  is  closed,  the  logic  enters  state  "zero",  in  which  it  supplies 
control  signals  to  hold  the  regulator  in  the  off  position  and  clear  the 
system.  Depressing  the  autostart  switch  puts  the  circuit  into  state  "one", 
wherein  it  switches  the  regulator  on.  Releasing  the  switch  causes  the 
circuit  to  enter  state  "two"  in  which  the  regulator  is  kept  on,  the  clear 
pulse  is  removed,  and  the  starting  sequence  is  initiated.  A  positive  speed 
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signal,  autostart,  under— voltage,  or  40-second  timer  pulse  returns  the 
circuit  to  its  "zero"  state,  where,  as  before,  the  regulator  is  off  and  the 
system  is  cleared. 

The  speed  detection  logic  consists  of  a  two-stage  counter  that  is  acti¬ 
vated  for  intervals  equivalent  to  the  period  of  a  20-percent  speed  signal. 
If  two  counts  are  registered  during  any  interval,  then  the  speed  is  at 
least  40  percent  and  an  output  pulse  is  generated. 

The  clock,  counter,  and  decoder  perform  the  timing  functions  for  the 
system.  The  counter  circuit  counts  the  number  of  pulses  supplied  from 
the  clock  at  a  constant  frequency.  The  number  of  counter  stages  and  the 
clock  frequency  are  arranged  such  that  the  last  stage  registers  a  positive 
output  after  40  seconds  of  operation.  The  end  of  the  40-second  interval 
is  thus  decoded  by  the  last  stage  of  the  counter  itself.  Two  successive 
10-second  intervals  are  decoded  by  monitoring  an  additional  counter 
stage  for  each  interval.  A  positive  decoder  output  marks  the  end  of  each 
time  interval. 

Overtemperature  is  sensed  by  detecting  the  binary  number  from  the  fuel 
control  circuitry  representing  the  critical  T^  for  starting,  and  also  a 
5-percent  range  of  T5  above  the  critical  level  to  prevent  a  missed  reading 
during  fast  temperature  rises.  The  circuit  consists  of  a  serial-in, 
parallel-out  register  and  logic  circuitry  to  decode  the  range  of  interest. 

The  driver  circuits  are  dc  power  amplifiers,  which  provide  sufficient 
voltage  and  power  gain  to  the  logic  element  outputs  to  drive  the  starting 
accessories.  Each  of  these  circuits  contains  four  stages  and  is  de¬ 
signed  for  minimal  dissipation  while  the  associated  accessory  is  de¬ 
energized. 

ELECTRONIC  COMPUTER  PACKAGING 


General 


The  objective  of  the  computer  packaging  study  is  to  establish  a  design 
that  represents  a  balanced  trade-off  between  cost,  size,  and  weight, 
while  providing  prime  reliability  and  easy  maintainability. 

Rapid  evolution  in  electronic  technology  over  the  past  few  years  has 
opened  the  door  to  a  multitude  of  design  techniques.  This  variety  of 
techniques  evolves  from  the  ability  to  use  one  or  any  combination  of  four 
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Sasic  electronic  techno  lo*te.  I  n  monolithic  integrated  circuit*  fl 0 ) , 

(21  thin  film,  O)  thick  film,  and>4)  due  rr:*1  component*.  From  thi* 
study  it  has  been  concluded  that  the  thin-film  method  combined  with  the 
use  of  miniature  discrete  component*  i*  the  mo*t  desirable  approach  for 
thi*  application.  The  approach  permit*  the  high  density  required  for 
amall  *ixe,  while  maintaining  change  flexibility  and  reasonable  cost.  All- 
monolithic  integrated  circuitry,  the  ultimate  technology  for  miniaturiza¬ 
tion,  i*  inflexible  and  expensive  at  present.  It  does,  however,  hold  high 
promise  for  the  future. 

Two  important  areas  have  received  special  attention  in  this  study.  The 
first  involves  cooling  requirements  necessary  for  the  computer  to  oper¬ 
ate  reliably  in  the  difficult  engine  environment.  The  second  is  the  need 
for  relatively  high  power  and  accurately  regulated  voltage  over  the  entire 
engine  speed  range.  These  considerations  normally  require  a  large, 
bulky  power  supply. 

Cooling  has  been  accomplished  by  a  unique  design  using  dielectric  fluid 
cooled  by  both  fuel  and  forced  air.  Power  and  voltage  regulation  require¬ 
ments  become  dramatically  simplified  by  (1  )  taking  advantage  of  the 
limited  speed  range  of  the  variable-speed  drive  output  of  fuel  metering 
system  No.  2,  and(2)  using  an  externally  regulated  generator. 

In  the  following  paragraphs,  the  packaging  requirements  are  defined  and  the 
various  electronic  technologies  are  discussed.  Cooling  system  studies 
and  analog  and  digital  packaging  designs  are  then  presented.  Finally, 
hardware  costs  and  radio  frequency  interference  (RFI)  are  discussed. 

Environmental  Requirements 

The  operating  environment  is  specified  by  Military  Specification  MIL-E- 
5007C,  supplemented  by  applicable  requirements  of  Military  Specification 
MIL-E-5272C. 

To  supplement  the  military  specification  definition  of  temperature  re¬ 
quirements,  measurements  of  accessory  section  temperature  versus 
time  were  made  at  Lycoming  on  a  bailment  Mohawk  aircraft.  This  air¬ 
craft  may  be  considered  a  "worse  case"  type  because  of  its  tight  cowling. 
The  test  is  described  in  detail  in  Appendix  V. 
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Electronic  Technology  Discussion 


Packaging  method*  encompassing  various  technologies  were  considered 
for  the  electronic  circuits.  Because  of  the  size  requirement,  the  need 
for  microelectronic  film  packaging  concepts  was  obvious  at  the  outset 
of  the  program. 

A  completely  monolithic  approach  was  briefly  considered  in  the  study. 
Costs  associated  with  these  semiconductor  integrated  circuits,  in  both 
design  and  manufacturing,  were  found  to  be  prohibitive  today  for  antici¬ 
pated  computer  production  rates. 

The  technologies  evaluated  in  depth  were  the  thick-film  and  thin-film 
approaches,  which  are  briefly  explained.  Both  technologies  use  a  basic 
ceramic  substrate,  usually  having  a  96-percent  alumina  content,  on 
which  are  deposited  conductive  paths,  resistive  and  capacitive  elements, 
and  provisions  for  mounting  semiconductors  in  "chip"  form.  A  "chip" 
is  a  semiconductor  device,  such  as  a  transistor  or  a  diode,  without  its 
protective  case  and  mounting  and  connecting  provisions.  The  methods 
used  to  form  the  circuits  differ  between  the  thick-  and  thin-film  technol¬ 
ogy. 

Thick -film  circuits  and  components  are  deposited  on  the  substrate  by 
using  a  screening  process.  The  process  is  accomplished  by  using  a 
fine -mesh  steel  screen  through  which  a  paste,  with  proper  electrical 
properties,  is  passed,  using  a  squeegee-type  device.  The  deposited 
elements  are  then  baked  at  high  temperature  to  develop  the  desired  prop¬ 
erties.  Finally,  the  circuit  is  packaged  in  a  protective  enclosure. 

Thin-film  circuits  and  components  are  formed  by  first  vacuum  depositing 
a  conductive  material  over  the  basic  ceramic  substrate.  The  circuits 
and  circuit-resistive  elements  are  formed  by  photographically  etching 
away  unwanted  material  from  this  base  material.  Successively,  precious 
metaL?  are  then  plated  on  the  original  etched  pattern  to  protect  the  base 
material  and  to  provide  a  uniform  conductive  coating.  The  circuit  is 
then  packaged  in  a  protective  enclosure,  such  as  the  TO-8  configuration 
shown  in  Figure  46  . 

The  thin-film  method  was  selected  for  the  electronic  computer  for  the 
following  reasons: 

1.  Materials  used  to  vacuum-deposit  components  result  in  greater 
circuit  package  density. 
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2.  Vacuum-deposited  components  have  better  temperature  charac¬ 
teristics. 

3.  Vacuum-deposited  components  have  better  long-term  stability. 

4.  Manufacturing  processes  to  obtain  thin-film  circuits  are  less 
complex. 

5.  The  processes  are  adaptable  to  high-volume  automated  assembly 
techniques. 

6.  Continous  film  deposition  used  in  manufacturing  eliminates 
junctions  between  the  interconnects  and  the  deposited  compo¬ 
nents,  and  results  in  inherently  higher  circuit  reliability. 

Cooling  System 

The  computer  cooling  system  design  must  provide  adequate  cooling  dur¬ 
ing  normal  operation  and  protection  for  the  computer  components  from 
radiated,  conducted,  and  convected  heat  transfer  at  the  ambient  soaking 
temperature  limit  of  275°F. 

Development  of  electronic  components  has  advanced  to  a  point  that  now 
allows  silicon  semiconductor  devices  to  operate  continously  at  tempera¬ 
tures  up  to  2  57  F.  This  temperature,  however,  is  considered  to  be  the 
maximum  allowable,  and  reliability  is  greatly  enhanced  as  the  operating 
temperature  is  reduced.  Figure  47  shows  how  reliability  is  affected  by 
temperature.  The  design  philosophy,  therefore,  was  to  achieve  the  low¬ 
est  practical  operating  temperature. 

Methods  considered  to  cool  the  computer  included: 

1.  Thermoelectric  cooling  devices 

2.  Vacuum-jacket  insulation 

3.  Plastic  foam  insulation 

4.  Air  cooling 

5.  Fuel  cooling 

6.  Dielectric-fluid  cooling 
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Typical  thermoelectric  devices  were  studied  early  in  the  program.  The 
devices  are  efficient,  but  high  power  requirements  during  operation  and 
their  large  inherent  size  made  them  impractical  for  this  application. 

The  vacuum-jacket  approach,  shown  schematically  in  Figure  48,  was 
best  from  a  thermal  standpoint.  The  disadvantages  of  high  cost  and  dif¬ 
ficult  servicing,  however,  obviated  this  approach. 

The  mechanical-insulation  technique  (Figure  49)  is  similar  to  the  vacuum- 
jacket  approach,  but,  it  is  not  as  efficient  thermally  and  requires  a  circu¬ 
lating  cooling  fluid  and  external  condensor* which  would  add  size  and 
weight  to  the  system.  This  approach  was  also  dropped. 

The  air-cooling  technique  (Figure  50)  uses  airflow  to  form  a  cooling  and 
insulating  jacket  around  the  computer  assembly. 

Fuel  cooling  is  accomplished  by  simply  passing  system  supply  fuel 
directly  through  the  center  of  the  computer. 

The  use  of  the  dielectric  fluid  as  a  coolant  provides  an  efficient  conduc¬ 
tive  path  for  the  computer -generated  heat. 

The  final  cooling  scheme  selected  uses  a  dielectric -fluid-filled  computer 
cooled  by  both  fuel  and  air  (Figure  50).  It  consists  essentially  of  a  light 
sheet -metal  jacket,  surrounding  the  computer  section,  through  which 
airflow  is  maintained.  This  provides  cooling  at  the  external  computer 
surface.  The  computer  is  also  mounted  concentrically  on  the  inlet  fuel 
line,  which  provides  fuel  cooling  at  the  internal  surface.  The  air  jacket 
insulates  the  computer  section  from  the  high-temperature  environment 
and  removes  heat  generated  within  the  computer.  In  addition,  the  exhaust 
air  from  the  jacket  is  allowed  to  discharge  over  mating  metal  assemblies 
to  help  lower  the  meta.'  temperature  and  reduce  conductive  heat  transfer 
into  the  computer. 

The  concept  of  using  a  noncirculating  dielectric  fluid  in  direct  contact 
with  semiconductor  elements  without  their  protective  cases  was  exam¬ 
ined.  It  provides  a  method  to  obtain  maximum  heat  transfer  from  semi¬ 
conductor  elements  to  the  cooling  surfaces.  Tests  conducted  at  Avco 
Lycoming  to  verify  the  effectiveness  of  this  concept  showed  that  heat  trans¬ 
fer  was  improved  and  that  operation  of  the  elements  without  protective 
cases  was  not  adversely  effected.  Disadvantages  are  that  clean  fluid  is 
required  and  the  computer  assembly  must  be  sealed.  Long-term  effects 
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beyond  those  shown  by  the  Accelerated  aging  test*  performed  in  the  labo¬ 
ratory  are  under  investigation  at  Avco  Lycoming.  Details  of  the  teat  are 
presented  in  Appendix  IV. 

A  thermal  analysis  was  made  of  the  performance  of  the  selected  cooling 
system  under  various  conditions.  It  was  assumed  that  a  supply  of  cooling 
air  orf  approximately  1  percent  of  the  total  engine  ai.-  was  available  at 
125  F,  and  that  the  system  was  subjected  to  environmental  air  moving  at 
100  feet  per  second.  Taking  the  »  taxi  mum  internal  dissipation  as  40 
watts,  and  assuming  it  to  be  distributed  uniformly  throughout  the  system, 
temperatures  within  the  computer  system  were  calculated  for  fuel  flow 
rates  of  0.  1  and  5.0  gallons  per  minute  for  an  environmental  air  tem¬ 
perature  of  275°F. 

The  study  showed  th.At  for  a  flow  rate  of  0.  1  gallon  per  minute,  the  aver¬ 
age  dielectric  fluid  temperature  is  205°F.  With  the  flow  increased  to 
5.0  gallons  per  minute,  the  dielectric  temperature  is  reduced  to  195  F. 
The  results  are  conservative  because  convection  within  the  dielectric 
fluid  was  not  included  in  the  analysis. 

Tne  study  also  showed  that  at  shutdown,  in  an  ambient  temperature  of 
275  F,  the  maximum  temperature  rise  within  the  dielectric  fluid  will  be 
less  than  25  F  after  15  minutes.  This  rise  added  to  the  highest  operating 
temperature  previously  computed  (205  F)  results  in  a  temperature  of 
230  F,  still  well  bel  ow  the  maximum  allowable. 

Analog  Package 

General 


The  analog  computer  design  uses  microelectronic  packages  mounted 
on  ceramic  discs  in  conjunction  with  discrete  electronic  parts.  The 
essential  difference  between  this  design  and  the  digital  design  dis¬ 
cussed  later  is  in  the  basic  electronic  elements  used.  The  remain¬ 
ing  packaging  characteristics  are  similar. 

Figure  44  shows  the  interior  layout  of  the  analog  package  design  and 
points  out  the  major  computer  items,  which  include  the  support  frame, 
the  ceramic  component  discs,  the  input  receptacle,  and  the  electronic 
packages  and  components. 
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Mechanical  Assembly 


The  computer  housing  is  designed  to  mount  on  the  fuel  line  at  the 
input  to  the  fuel  pump  housing.  This  housing  is  enclosed  by  an  outer 
housing  or  jacket  and  functions  as  a  can  within  a  can.  The  outer  can 
is  an  air  jacket  that  easily  separates  into  two  parts  like  a  "clam 
shell.  "  When  the  air  jacket  is  removed,  easy  access  is  provided  tc 
the  computer  assembly  within. 

The  air  jacket  has  baffles  to  control  the  airflow  about  the  inner  com¬ 
puter  assembly.  The  rear  support  for  the  computer  is  provided  by  a 
mating  surface  on  the  jacket  when  joined  with  the  air  manifold  and 
computer  mounting  locknut  assembly. 

The  entire  computer  assembly  is  secured  to  the  fuel  line  by  the  fuel 
line  locknut.  To  remove  the  outer  air  jacket,  the  locknut  is  loosened 
to  allow  the  air  jacket  to  be  disengaged  from  the  front  support  assem¬ 
bly  (fiber  insulator)  as  shown  in  Figure  44.  The  jacket  will  now 
separate  into  two  halves,  exposing  the  inner  computer,  which  can  be 
lifted  from  its  seat  on  the  fuel  line  and  removed. 

To  replace  the  computer,  a  thermally  conductive  grease  is  applied  to 
the  fuel  line  heat  sink.  The  computer  is  reassembled  by  reversing 
the  above  disassembly  process. 

Advantages  of  the  mechanical  package  design  include  the  following: 

1.  Small  size 

2.  Simple  construction;  contains  a  minimum  number  of  parts 

3.  No  special  tools  required  for  servicing 

4.  Easy  removal  and  replacement 

5.  Simple  cooling  system;  requires  no  moving  parts 

6.  Cylindrical  shape;  less  vulnerable  to  small-arms  fire 

The  inner  can  computer  housing  assembly  shown  in  Figure  44  is  a 
sealed  unit.  A  brass  alloy  was  chosen  for  this  assembly  for  four 
major  reasons: 
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1.  Corrosion  resistance 

2.  Good  thermal  conductance 

3.  Good  deep-draw  capabilities 

4.  Adaptability  to  solder  sealing  operations 

A  support  frame  assembly  is  included  in  the  computer  package  to 
function  as  a  heat  sink  and  disc  mounting  support.  One  end  of  the 
support  assembly  functions  as  the  support  for  the  computer  input 
receptable  and  end  cap. 

Disc  Assembly 

The  disc  assembly  is  the  basic  structure  on  which  the  microelectronic 
packages  are  mounted.  The  discs  are  fabricated  from  alumina 
ceramic  material  approximately  0.060  inch  thick,  and  they  are 
equipped  with  pins  that  connect  to  the  flexible  wiring  harness.  The 
ceramic  disc  was  selected  over  a  plastic  printed-circuit  disc,  be¬ 
cause  it  has  more  efficient  heat  transfer  properties,  is  more  stable 
with  temperature,  has  higher  dielectric  properties,  and  is  inert  to 
the  dielectric  fluid  used  as  a  coolant  for  the  computer  assembly. 

The  deposited-film  techniques  similar  to  those  used  for  thin-film 
fabrication  are  used  for  forming  conductive  paths  on  the  discs  to 
interconnect  the  individual  circuit  packages  and  the  discrete  com¬ 
ponents. 

The  design  also  includes  the  use  of  a  unique  method  of  dovetail  slots 
in  conjunction  with  mating  nylon  strips  to  retain  the  discs  in  the 
computer  assembly.  The  nylon  absorbs  stresses  set  up  by  the  ther¬ 
mal  expansion  of  the  ceramic  and  brass  mater  Is  and  provides  some 
shock  and  vibration  isolation.  The  slip-fit  type  of  assembly  allows 
for  easy  installation  and  removal  of  the  computer  discs. 

Microelectronic  Assemblies 

Types  of  microelectronic  assemblies  considered  to  house  the  circuit 
elements  were  the  TO-8  round  can  with  attached  header,  the  TO-8 
square  can  concept  with  header,  and  the  square  flat-pack  type  assem¬ 
bly.  The  TO-8  round  can  and  the  flat-pack  are  electronic  industry 
standard  containers  for  packaging  microelectronic  circuits.  The 
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square  TO-8  configuration  is  merely  a  modification  of  the  round 
series.  The  TO-8  round  can  configuration  (see  Figure  46)  offers 
several  advantages  which  include  easier  handling  and  mounting  and, 
most  importantly,  a  feature  that  allows  the  substrates  to  be  stacked 
to  increase  package  density.  The  flat-pack  package  (see  Figure  51) 
considered  offers  some  package  density  advantages  due  to  its  low 
profile;  however,  the  package  configuration  is  not  adaptable  to  stack¬ 
ing  of  substrates.  The  round  can  TO-8  configuration  was  selected  in 
preference  to  the  square  unit  for  packaging  the  thin-film  microelec¬ 
tronic  circuits  because  it  is  an  industry-approved  design  and  one 
more  widely  used  in  thin-film  circuit  manufacture. 

The  internal  construction  used  in  the  rourd  can  TO-8  packages  is 
shown  in  Figure  51.  The  typical  microelectronic  resistor  elements 
are  vacuum  deposited  on  the  ceramic  substrate  as  shown  in  Figure  52. 
Semiconductor  and  capacitor  chip  elements  are  mounted  on  the  sub¬ 
strate  using  eutectic  bonding  techniques,  with  wiring  subsequently 
accomplished  by  ultrasonic  or  thermocompres3ional  welding  methods. 

To  achieve  maximum  reliability,  the  selection  of  a  welding  method 
was  given  special  attention.  The  ultrasonic  method  excells  in  joining 
soft  metals  such  as  aluminum,  copper,  silver,  and  gold,  metals  that 
would  be  used  extensively  in  the  assembly  of  integrated  circuit  net¬ 
works.  The  thermocompressional  joining  technique  requires  that 
closer  controls  be  exercised  in  preparing  the  surfaces  to  be  joined. 
Close  control  mudt  also  be  exercised  during  the  joining  process, 
with  particular  stress  placed  on  time  and  temperature. 

Both  the  ultrasonic  and  thermal  compressional  welding  methods  pro¬ 
duce  highly  reliable  joints  for  the  electronics  industry  (Figure  52). 
Selection  of  the  ultrasonic  technique  was  based  on  several  favorable 
factors:  (1)  Objects  to  be  joined  are  not  subjected  to  a  preheating 
process.  The  heat  that  is  obtained  during  tie  ultrasonic  "rubbing" 
action  is  strictly  localized  to  the  joint  and  never  reaches  the  com¬ 
ponents  being  joined.  (2)  There  are  no  required  welding  controls, 
i.e.,  temperature,  time,  oxide  free  surfaces,  etc.  (3)  Reliability 
is  greater.  Failure  rates  compiled  by  the  USAF  show  0.00005  per¬ 
cent  per  1000  hours  for  the  thermocompressional  method  and  0.00003 
percent  per  1000  hours  for  the  ultrasonic  technique. 

Discrete  Components 

The  computer  uses  a  number  of  large  discrete  components  for  power 
supply  and  other  high-power  functions.  These  components  have  been 
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grouped  together  In  one  end  of  the  computer  and  within  a  gap  created 
by  the  horseahoe  shaped  discs  to  achieve  maximum  compactness 
within  the  cylindrical  envelope  (Figure  44). 

Interconnection  Cable 

Electrical  interconnection  of  the  control  elements  (disc  subassem¬ 
blies,  discrete  components,  and  interface  devices)  is  accomplished 
by  a  flexible  printed  wiring  cable  similar  to  that  shown  in  Figure  53. 
The  flexible  cable  uses  "KAPTON"  as  the  base  material.  The  wiring 
terminates  in  pretinned  solder  areas,  which  are  connected  to  mating 
pins  on  the  ceramic  mounting  discs  by  soldering.  The  advantages  of 
this  wiring  design  are:  (1)  The  assembly  is  preformed  and  pretinned 
for  easy  installation  by  low-skill  personnel.  (2)  It  is  very  efficient; 
a  large  number  of  conductors  can  be  installed  in  areas  where  individ¬ 
ual  wiring  harnesses  could  not  be  used.  (3)  It  is  highly  resistant  to 
vibration -type  failures. 

Digital  Package 

MOSFET  Semiconductor  Devices 


In  the  digital  design,  the  circuit  functions  require  extensive  use  of 
MOSFET  semiconductor  devices.  The  MOSFET  device  (metal  oxide 
semiconductor  field  effect  transistor)  is  essentially  a  number  of  field 
effect  devices  integrated  and  manufactured  on  one  silicon  chip. 

These  integrated  chips  are  designed  to  perform  various  control 
functions  in  the  digital  computer  system.  The  digital  package  layout 
(Figure  45)  shows  the  major  features  of  the  design.  The  digital 
package  is  more  compact  than  the  analog  package  due  to  the  absence 
of  the  bulkier  discrete  components  used  in  the  latter  design. 

Mechanical  Assembly 

The  digital  package  mechanical  features  are  the  same  as  those  pre¬ 
sented  in  the  analog  design  described  earlier.  Only  minor  physical 
changes  in  the  disc  mounting  features  have  been  made.  ■ 

Disc  Assembly 

The  disc  shown  in  Figure  45  is  typical  of  the  type  of  assembly  used 
to  mount  and  wire  the  chip-type  microelectronic  elements.  The 
disc  material  is  similar  to  that  used  in  the  analog  concepts;  however, 
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an  interconnection  technique  known  as  "multilayer"  is  used  in  place 
of  surface -deposited  interconnects  between  the  semiconductor  ele¬ 
ments.  The  multilayer  concept  is  illustrated  in  Figure  54. 

Advantages  gained  by  using  the  multilayer  interconnection  concept 
include: 


1.  Increased  package  density  gained  by  crossing  conductors 
uithin  the  disc 

2.  Reduced  assembly  costs  achieved  by  the  use  of  repetitious 
manufacturing  processes 

3.  Increased  reliability  as  a  result  of  the  protected  wiring 

4.  Easy  and  economical  replacement  of  faulty  elements 

This  approach,  as  evaluated  in  military  handbook  MIL-HDBK - 1 75, 
"Microelectronic  Device  Data  Handbook,"  is  rated  best  when  com¬ 
pared  with  other  methods  used  for  interconnection. 

Microelectronic  Assemblies 

Microelectronic  assemblies  similar  to  those  shown  in  the  lower  por¬ 
tion  of  Figure  52  are  used  to  perform  the  electrical  function  .  of  the 
digital  control.  These  assemblies  are  interconnected  through  the 
multilayer  wiring  disc  discussed  above.  The  devices  are  used  in 
uncased  "chip"  form  (basic  silicon  MOSFET  element  less  its  pro¬ 
tective  case).  This  method  is  unique  in  applying  these  devices  and 
offers  the  following  advantages: 

1.  Smaller  size  resulting  in  maximum  package  density 

2.  Direct  contact  with  dielectric  cooling  fluid  resulting  in 
excellent  thermal  transfer 

3.  Cost  savings  realized  by  discarding  hermetic  case 

4.  Reduction  in  the  number  of  different  chip  types 
Interconnection 


Evaluation  of  methods  of  interconnecting  the  various  circuit  com¬ 
ponents  of  the  digital  computer  included  analysis  of  several  schemes 
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directly  associated  with  the  semiconductor  chip  elements  themselves, 
and  methods  of  interconnecting  the  ceramic  disc  assemblies. 

The  "flip-chip"  technique  of  connecting  the  microelectronic  elements 
to  the  ceramic  disc  utilizes  elements  equipped  with  raised  connection 
pads. 

The  chip  is  installed  inverted  on  the  deposited  wiring  pattern  by 
ultrasonic  welding.  This  technique  was  discarded  because  of  diffi¬ 
culties  in  obtaining  satisfactory  welds  and  in  developing  adequate 
inspection  methods. 

The  "beam  lead"  approach  utilizes  semiconductor  elements  with 
special  flat  leads  attached  that  are  used  to  mount  the  devices  to  the 
supporting  substrate.  This  method  was  also  discarded  because  of 
attachment  and  inspection  problems. 

The  method  selected  to  mount  the  microelectronic  elements  utilizes 
chip  "carriers.  "  The  semiconductor  chips  mounted  and  wired  in  the 
carrier  can  be  inspected  and  tested  easily  prior  to  bonding  the  car¬ 
rier  onto  the  ceramic  disc  ultrasonically  using  volume  production 
assembly  methods. 

The  ceramic  disc  assemblies  with  chips  in  place  are  connected  to 
other  discs  and  accessory  system  components  by  a  KAPTON  flexible 
wiring  harness  similar  to  the  one  used  in  the  analog  computer  design. 

Discrete  Components 

The  digital  computer  utilizes  a  number  of  large  disci  ete  components. 
These  components  are  similar  to  those  used  in  the  a*  "  log  computer 
and  are  packaged  in  a  similar  manner  as  depicted  in  Figure  45. 

COST 

The  analog  and  digital  computer  designs  discussed  above  were  evaluated 
to  determine  an  estimated  cost  for  each  system  in  production  quantities. 
The  analog  assemblies  in  1200-unit  quantities  were  estimved  to  cost 
$2,  152  each.  The  digital  assemblies  in  1200-unit  quantities  were  esti¬ 
mated  to  cost  $3,  970  each.  The  cost  difference  is  $1,818.  These  figures 
are  based  on  the  use  of  existing  manufacturing  facilities;  individual  micro¬ 
electronic  element  costs  are  based  on  early  1971  projections.  Factors 
such  as  increased  use  by  the  electronic  industry  of  the  particular  circuit 
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elements,  and  cost  projections  based  on  improved  assembly  techniques 
expected  in  the  middle  1970's,  should  decrease  the  computer  costs  shown. 
It  is  predicted  that  costs  will  change  to  favor  the  digital  computer 
approach. 

RADIO  FREQUENCY  INTERFERENCE 


Radio  frequency  interference  radiated  by  the  computer  is  minimized  by 
the  shielding  afforded  by  the  double-case  design  and  relatively  low  radio 
frequency  impedences  at  the  outside  terminations.  The  possibility  of 
conducted  interference  into  the  aircraft  electrical  wiring  is  eliminated 
by  the  self-powered  feature  in  the  design. 

The  computer  designs  are  not  considered  to  be  susceptible  to  high  field 
radio  frequency  energy  induced  into  the  unit.  The  digital  circuits  switch¬ 
ing  occurs  at  a  higher  voltage  level  than  would  be  induced,  and  the  analog 
signals  do  not  respond  to  low-level  radio  frequency  voltages. 

Conventional  external  bypass  filtering  and  shielding  techniques  may  be 
required  in  specific  installations.  These  radio  frequency  interference 
problems  can  be  solved  only  at  the  specific  installation  and  are  not  con¬ 
sidered  a  part  of  this  study. 

RELIABILITY 


General 


The  objective  of  the  reliability  study  is  to  establish  a  design  Mean  Time 
Between  Failure  (MTBF)  goal  and  to  insure  that  the  design  meets  that 
goal.  This  established  goal  represents  a  substantial  improvement  over 
the  computing  function  of  existing  fuel  controls.  Microcircuit  manufac¬ 
turers,  the  FARADA  (The  Bureau  of  Weapons  Failure  Rate  Data  Pro¬ 
gram),  and  military  handbooks  were  consulted  for  microcircuit  reliability 
data,  which  were  found  to  be  limited  because  of  the  very  newness  of 
microcircuit  use. 

Reliability  diagrams,  which  place  the  individual  computing  functions 
affecting  reliability  in  proper  orientation,  were  prepared.  The  overall 
reliability  goal  was  divided  among  the  computing  functions  (apportioned), 
taking  into  account  factors  such  as  relative  complexity.  This  subdivision 
allows  a  detailed  comparison  of  each  circuit  with  the  goals. 
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The  overall  computer  MTBF  was  calculated  for  both  the  analog  and  digi¬ 
tal  designs.  Where  the  design  did  not  meet  the  goal,  a  method  of  im¬ 
proving  the  reliability  was  established. 

Finally,  failure  modes  were  analyzed  and  methods  of  a-voiding  them  were 
considered. 

Establishment  of  Reliability  and  Maintainability  Goals 

The  most  up-to-date  reliability  estimate  for  the  fuel  controls  used  by 
Lycoming,  (T53  and  T55  data)  including  both  fuel  metering  and  computer 
function,  is  a  failure  rate,  \  ,  of  486  failures  per  million  hours,  01  an 
MTBF  of  about  2,  058  hours.  Approximately  one-third  of  the  failures 
consist  of  "No  Acceleration",  "Fast  Acceleration",  "Discrepant  Fuel 
Schedule",  etc.,  and  may  be  directly  assigned  to  the  computation  function 
of  the  fuel  control.  Accordingly,  the  present  failure  rate  for  the  compu¬ 
tation  function  is  167  failures  per  million  hours,  or  an  MTBF  of  6,  000 
hours.  This  is  the  basis  for  establishing  a  reliability  goal  for  the  elec¬ 
tronic  computer  subsystem  of  the  USAAVLABS  control. 

Improvements  in  design  and  hardware  technology  permit  substantial 
improvement  in  reliability.  An  improvement  by  a  factor  of  five  was 
applied  as  a  minimum  goal,  giving  a  failure  rate  of  33.  333  failures  per 
million  hours,  or  an  MTBF  of  30,  000  hours.  The  results  of  this  relia¬ 
bility  study  indicate  that  this  is  a  realistic  goal  with  which  to  start.  If 
the  1975-1980  failure  rates  for  the  individual  building -block  hardware 
improve  -  and  the  predictions  are  for  an  order  of  magnitude  improve¬ 
ment  -  then  the  established  goal  will  also  be  uprated. 

From  a  maintenance  standpoint,  the  current  fuel  controls  are  adjusted 
and  replaced  at  the  field  level  (third  echelon),  with  overhauls  performed 
at  depot  level  (fifth  echelon).  Fuel  control  replacement  rates  for  all 
causes  for  the  T53  and  T55  engines  are  0.  546  and  1.291  per  1000  flying 
hours,  respectively.  The  higher  replacement  rate  for  the  T55  fuel  con¬ 
trols  is  attributable  to  the  greater  number  of  available  field  adjustments, 
which  expose  the  control  to  more  handling  and  consequent  mishandling. 
Thus,  the  fewer  the  available  field  adjustments,  the  less  troublesome 
the  control.  The  objective  of  eliminating  field  adjustments,  or  keeping 
them  to  a  absolute  minimum,  shall  be  the  maintainability  goal  for  the 
USAAVLABS  control. 
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Subsystem  Reliability  Goals 


Reliability  goals  for  subsystems  have  been  assigned  according  to  an 
apportionment  analysis.*  The  total  system  is  logically  divided  into 
subsystems  for  this  purpose,  and  each  of  them  is  evaluated  with 
respect  to  thr  other  subsystems  in  terms  of  complexity,  state  of 
development,  past  experience,  and  importance  to  mission  success. 

Each  subsystem  was  assigned  an  apportioned  failure  rate  based  on 
both  this  evaluation  and  the  established  system  reliability  goal. 

A  detailed  description  of  the  apportionment  is  given  in  Appendix  II. 

The  apportioned  failure  rates  for  each  of  the  subsystems  are  compared 
with  the  predicted  failure  rates  for  the  proposed  subsystem  designs 
in  Tables  VII  and  VIII.  Any  discrepancy  between  the  apportioned 
and  the  predicted  failure  rates  is  evaluated  for  its  effect  on  the  total 
system  goal  and  for  possible  design  improvements. 

Development  of  Reliability  Block  Diagrams  and  Mathematical  Models 

Reliability  block  diagrams  and  mathematical  models  were  developed  for 
both  the  analog  and  the  digital  electronic  computer  designs  and  are  shown 
in  Appendix  II.  The  block  diagram  for  the  analog  system  is  based  on  the 
logical  subsystem  assignment  used  for  the  apportionment  analysis.  Two 
power  supplies,  one  lor  the  plus  and  the  other  for  the  minus  voltage,  not 
shown  in  the  logic  diagram  are  included  in  the  block  diagram.  The  block 
diagrams  and  mathematical  models  represent  the  worst-case  analysis; 
that  is,  with  no  adjustment  for  a  component,  circuit, or  subsystem  redun¬ 
dancy  scheme  or  for  a  manual  backup  system  that  may  be  used. 

Performance  of  Iterative  Studies  and  Reliability  Prediction 

A  summary  of  reliability  prediction  studies  for  the  electronic  computer 
portion  of  the  USAAVLABS  control  is  included  in  Tables  VII  and  VIII.  Pre 
diction  studies  are  given  for  two  designs:  one  for  an  analog  and  the  other 
for  a  digital  design.  The  apportionment  goals  and  the  predicted  failure 
rates  shown  for  the  analog  apportionment  and  analog  failure  rate  pre¬ 
diction,  respectively,  are  based  on  the  analog  circuits  that  correspond 
to  the  analog  function  reliability  block  diagram  (see  Appendix  II).  The 
apportionment  goals  and  the  predicted  failure  rates  for  the  digital  design 
are  based  on  the  digital  reliability  block  diagram  and  the  number  of 


*A  COMPREHENSIVE  RELIABILITY  ENGINEERING  PROGRAM,  Brimley 
Donald  B. ,  Paper  presented  5-9  July,  1966,  at  UCLA,  during  a  course 
on  "System  Approach  to  Reliability". 
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digital  elements  needed  to  realize  each  function  represented  in  the  digi¬ 
tal  reliability  block  diagram.  Appendix  II  gives  some  of  the  detailed 
work  for  the  analog  and  digital  predictions  and  the  assignment  of  compo¬ 
nent  failure  rates. 

The  failure  rate  predicted  for  the  analog  design  is  better  than  that  for  the 
digital  design  by  a  factor  of  approximately  2.7.  Although  both  fall  short 
of  the  adopted  goal,  there  are  methods  of  improving  the  failure  rates. 
Specially  designated  high -reliability  components  with  lower  failure  rates 
can  be  specified  for  some  of  the  components,  and  reliability  screening  on 
the  component,  subsystem,  and  system  level  can  be  used  to  weed  out  the 
potential  failures.  The  reliability  screening,  particularly  the  environ¬ 
mental  and  the  burn-in  tests,  is  very  effective  for  semiconductors  and 
integrated  circuits.  These  screens  result  in  an  improvement  factor  of 
up  to  three  in  the  failure  rate  for  standard  microcircuits.  Moreover,  in¬ 
vestigators  have  reported  that  once  the  deviates  are  weeded  out,  the 
remaining  integrated  circuits  exhibit  a  decreasing  failure  rate.*  This 
means  that  the  system  failure  rate  diminishes.  Consequently,  the  MTBF 
for  the  system  increases.  Redundancy  can  also  be  used  to  improve  the 
system  failure  rate.  For  example,  the  power  supply  having  discrete 
components  with  the  highest  failure  rates  could  profit  by  the  use  of  cir¬ 
cuit  or  power  source  redundance.  Aircraft  electrical  system  power  is  a 
logical  redundant  source.  Extensive  use  of  redundancy  was  not  consid¬ 
ered  because  it  will  increase  the  size  and  cost  of  the  computer. 

Failure  Mode,  Effects,  and  Criticality  Analysis 

A  failure  mode,  effects,  and  criticality  analysis  procedure  is  useful  for 
determining,  evaluating,  and  analyzing  potential  failures  in  an  operating 
system.  The  potential  failure  modes  of  each  subsystem  function  in  the 
electronic  computer  portion  of  the  system  block  diagram  (Appendix  II) 
are  examined  for  their  effect  on  associated  computer  functions  and  are 
evaluated  to  ascertain  their  effect  and  criticality  on  the  success  of  the 
mission.  The  analysis  assumes  that  a  circuit  function  output  fails,  either 
gradually  or  catastrophically,  thus  causing  too  little  or  too  much  fuel  to 
be  metered  to  the  engine. 

♦  Peralta,  Ben  C.  ,  SCREENING  SILICON  INTEGRATED  CIRCUITS,  Pro¬ 
ceedings  of  1967  Symposium  on  Reliability,  pp.  337-348. 

Troxel,  D.  I.,  and  Tiger,  B.,  PREDICTING  INTEGRATED  CIRCUIT 
RELIABILITY  VIA  FAILURE  MECHANISM,  Proceedings  of  the  1968 
Symposium  on  Reliability,  pp.  217-225. 

Heer,  E.  ,  Baker,  D.  ,  and  Fox,  A.,  THE  TEG-A  TEST  ELEMENT  FOR 
THE  CONTROL  OF  QUALITY  AND  RELIABILITY  OF  INTEGRATED  CIR¬ 
CUITS,  Proceedings  of  the  1968  Symposium  on  Reliability,  pp.  201-216. 
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Output  signal  failures  for  the  mode  selector,  the  proportional-plus  - 
integral,  and  the  fuel  handling  functions  have  a  direct  effect  on  engine 
operation.  The  flow  chart  (Figure  55  )  illustrates  these  possible 
failure  modes  and  effects.  Although  drift  or  offset  can  be  compensated 
for  by  an  adjustment  in  the  command  signal,  with  a  corresponding  decrease 
of  the  control's  range  in  the  direction  of  drift.  Figure  55  shows  that  this 
type  of  failure  will  not  necessarily  cause  an  aborted  mission. 

Signal  failures  for  the  functions  to  the  mode  select  are  shown  in  Figures 
56,  57,  and  58.  Figure  56  shows  that  a  hardover  maximum  fuel  signal 
from  the  deceleration  limit  signal  function  is  most  severe,  while  a  hard- 
over  minimum  fuel  signal  can  be  tolerated.  Similarly,  a  hardover  maxi¬ 
mum  fuel  signal  can  be  tolerated  for  the  acceleration  limit  signal  func¬ 
tion  (see  Figure  57),  while  a  hardover  maximum  signal  output  for  any  of 
the  four  functions  shown  in  Figure  58  renders  that  function  inoperative 
but  does  not  necessarily  cause  an  engine  failure. 

Figures  55  through  58  point  out  the  problem  areas  where  a  special  effort 
is  required  to  assure  reliable  system  operation.  A  more  detailed  failure 
mode,  effects,  and  criticality  analysis  for  the  final  circuits  in  each  sub¬ 
system  function, should  be  performed  to  evaluate  techniques  for  avoiding 
these  failures.  The  goal  would  be  to  achieve  a  fail-safe  function,  pos¬ 
sibly  by  the  use  of  passive  or  active  redundancy  on  a  component  or  cir¬ 
cuit  level. 

COMPARATIVE  EVALUATION  OF  ANALOG  AND  DIGITAL  DESIGNS 

The  most  significant  factor  influencing  a  comparison  of  the  two  designs 
is  the  rapidly  changing  electronic  technology,  which  has  made  the  digital 
design  feasible  but  whose  future  course  must  be  judged  to  render  a 
proper  comparison  of  the  two.  The  advances  in  electronics  have  bene- 
fitted  both  designs,  resulting  in  a  small  size  for  both  designs. 

The  digital  design  would  have  been  out  of  the  question  a  few  years  ago 
because  the  amount  and  size  of  hardware  required  would  have  been  pro¬ 
hibitive.  Microelectronics  has  now  overcome  that  disadvantage. 

The  ideal  microelectronic  fabrication  process  is  monolithic  because  it  is 
a  pure  process  requiring  no  hand  assembly.  Complex  circuits  can  be 
produced  as  a  tiny  chip  with  incredible  density.  The  ultimate  goal  is  to 
form  the  entire  computer  on  a  single  chip,  but  this  has  not  been  econo¬ 
mically  feasible  because  of  the  large  initial  costs  and  low  yields  in  pro¬ 
duction  for  very  complex  circuits.  Manufacturers  make  monolithic 
devices  of  limited  complexity  and  wide  appeal,  although  more  complex 
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devices  are  becoming  available.  When  it  will  be  practical  to  go  entirely 
monolithic  is  a  subject  of  controversy.  However.it  is  our  judgement  that 
it  should  be  within  the  next  four  years. 

The  film  technology  may  be  considered  to  be  the  interim  technology,  and  it 
was  selected  because  it  is  the  most  practical  for  today  «.nd  the  immediate 
future. 

The  digital  circuit  is  much  more  adaptable  to  the  entirely  monolithic 
process,  because  the  analog  circuit  requires  many  capacitors  of  values 
impossible  to  fabricate  by  the  monolithic  process. 

With  the  foregoing  in  mind,  a  point-by -point  comparison  of  the  two  designs 
is  presented  below. 

Size  and  Weight 

The  difference  between  the  two  designs  is  not  judged  to  be  significant; 
both  are  remarkably  small.  The  adaptability  of  the  digital  design  to  an 
all-monolithic  fabrication  will  permit  a  further  significant  reduction  in 
size  as  conversion  to  that  method  becomes  feasible. 

Accuracy 

The  digital  design  is  vastly  superior  to  the  analog  design,  accuracies  of 
.01%  or  less  being  possible.  No  further  improvement  in  analog  accuracy 
is  likely,  beyond  that  obtainable  today. 

Func ti on  Generation 


The  availability  of  monolithic  memory  elements  has  made  it  possible  to 
"store"  an  entire  univariant  curve  on  a  single  chip,  thus  making  the 
digital  method  much  more  superior  than  the  analog  method.  The  dis¬ 
advantage  of  the  analog  method  is  that  the  curve  must  be  approximated 
by  a  series  of  straight-line  segments.  A  complex  curve  can  require 
prohibitive  circuitry. 

Simplicity  and  Reliability 

The  digital  design  is  more  complex,  based  on  an  individual  parts  count. 

A  result  of  this  greater  complexity  is  that  the  statistical  reliability  of  the 
digital  unit  is  lower  than  the  analog,  again  based  on  an  individual  parts 
count. 
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A  widely  accepted  premise  is  that  the  reliability  of  a  monolithic  chip  is 
the  same  regardless  of  the  individual  parts  contained  therein.  As  the 
consolidation  of  the  circuit  functions  into  fewer  chips  becomes  feasible, 
the  digital  complexity  will  decrease  and  reliability  will  increase. 

Costs 


The  cost  data  obtained  show  the  digital  design  to  cost  $1,  800  more  than 
the  analog  design,  based  on  1971  projections.  This  estimate  is  judged 
to  be  high  by  today's  standards.  However,  there  was  insufficient  cost 
data  projected  into  1975. 

One  factor  contributing  to  the  high  digital  cost  is  the  newness  of  the  de¬ 
vices  used.  A  factor  that  will  benefit  the  digital  design  cost  is  the  digital 
design's  adaptability  to  automatic  assembly  methods  now  under  develop¬ 
ment. 

Finally,  the  adaptability  of  the  digital  design  to  all-mono'ithic  fabrication 
should  ultimately  reduce  its  cost  considerably. 

Radio  Frequency  Interference  (RFI) 

The  digital  design  is  less  susceptible  to  radio  frequency  interference 
because  transistors  operate  by  switching  on  or  off  at  relatively  high- 
voltage-level  signals.  The  analog  is  more  susceptible  because  the  "nor¬ 
mal"  operating  condition  of  many  circuits  is  at  a  very  low  voltage,  sub¬ 
ject  to  interference. 

Conclusion 


After  a  review  of  the  above  factors,  it  is  Lycoming's  judgement  that  the 
digital  design  is  superior  and  that  by  the  time  this  design  is  ready  for 
production,  the  disadvantages  of  the  digital  design  will  no  longer  exist, 
and  it  will  be  clearly  superior  to  the  analog  design  in  every  respect. 
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FUEL  METERING  SYSTEM 


GENERAL 


Two  methods  of  fuel  metering  were  studied.  The  first  method,  identified 
as  Fuel  Metering  System  No.  I,  uses  a  multiple-function  fuel  valve,  a 
positive-displacement  pump,  and  a  servo  motor.  The  multiple-function 
valve  combines  the  five  conventional  functions  (metering,  bypass,  relief, 
pressurizing,  and  shutoff)  of  handling  flow  into  a  single  compact  unit. 

The  second  method,  Fuel  Metering  System  No.  2,  uses  a  centrifugal 
pump  and  miniature  variable- speed  drive  (VSD)  to  achieve  both  pumping 
ana  metering  functions.  The  input  side  of  the  VSD  is  driven  at  compres¬ 
sor  shaft  speed.  Modulation  of  the  VSD  speed  ratio  by  the  computer  out¬ 
put  controls  pump  speed  and,  hence,  fuel  flew  to  the  engine. 

Both  methods  appear  to  be  feasible  and  to  offer  significant  reductions  in 
size  and  weight  over  currently  available  systems.  Studies  made  during 
the  program  include  computer  simulations  of  the  systems,  component 
and  system  design,  engine  test  evaluations,  and  weight  and  cost  predic¬ 
tions. 

REQUIREMENTS 


The  two  systems  described  above  were  designed  to  meet  the  fuel  pump¬ 
ing  and  metering  requirements  of  engines  in  the  2-to-5  -lb  / sec  airflow 
range,  including  regenerative  and  nonregenerative  versions,  without 
adjustments  or  component  changes.  The  basic  design  requirements  were: 

1.  High  tolerance  to  fuel  contaminants 

2.  Compatibility  with  all  fuel  types  without  system  adjustment 

3.  Efficient  packaging  to  provide  a  small  low-weight  system 

4.  High  system  reliability  and  reduction  of  maintenance  procedures 

5.  Design  configuration  for  ease  of  servicing  and  quick  installation 
and  removal 

6.  Low  vulnerability  to  small-arms  fire 

7.  Low  unit  cost  potential 

8.  Provision  for  variable-geometry  actuator  fuel  supplies 
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9.  Incorporation  of  emergency  manual  metering  system 

10.  Satisfactory  performance  when  subjected  to  environmental  tem¬ 
perature,  vibrations,  and  shock  levels  as  specified  by  Military 
Specification  MIL-E-5007C 

11.  Satisfactory  performance  at  all  altitudes  from  sea  level  to  35,  000 
feet  and  ambient  temperatures  from  -65°  to  160°F 

All  requirements  of  Military  Specification  MIL-E-5007C  were  considered 
to  be  applicable. 

Fuel  pump  flow  range  and  maximum  discharge  pressure  requirements 
were  predicted  for  the  engine  range  under  study  and  are  shown  in  Fig  - 
ures  59  and  60.  The  dynamic  response  of  the  system  should  provide  an 
effective  time  constant  of  0.025  second  and  must  provide  stable  flow 
regulation  in  all  engine  control  modes.  The  accuracy  of  flow  metering 
shall  be  ±2.5  percent  of  the  nominal  value  for  satisfactory  control 
during  engine  starting  (up  to  45  percent  maximum  gas  producer  speed). 

FUEL  METERING  SYSTEM  NO.  I 


System  Description 

System  No.  I,  shown  schematically  in  Figure  61,  consists  of  a  positive- 
displacement  pump;  a  multiple-function  fuel  valve  assembly,  which  pro¬ 
vides  all  the  required  fuel  handling  functions  in  a  single  compact  unit; 
and  an  electrical  servo  motor,  which  positions  the  metering  valve 
portion  of  the  multiple-function  valve.  The  multiple-function  fuel  valve 
is  being  developed  at  Avco  Lycoming  as  part  of  an  Army-sponsored 
Contributing  Engineering  Program. 

The  following  functions  performed  by  the  multiple-function  valve  are 
illustrated  schematically  in  Figure  62.  As  determined  by  the  computer, 
the  position  of  the  metering  valve  is  proportional  to  desired  flow.  A 
pressure  regulating  valve  maintains  a  constant  pressure-drop  across 
the  metering  valve  to  establish  metered  flow  that  is  proportional  to 
valve  position.  Other  functions  include  a  pressurizing  valve  to  estab¬ 
lish  a  minimum  servo  pressure  during  starting,  a  high-pressure  relief 
valve  for  over-pressure  protection,  and  a  cutoff  valve  for  engine  shut¬ 
down. 
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The  multiple-function  fuel  valve,  in  addition  to  providing  a  more  compact 
valving  arrangement,  eliminates  a  large  amount  of  housing,  housing 
machining  ,  and  passages.  Further,  since  the  metering  piston  is  com¬ 
pletely  pressure-balanced,  computer  forces  are  kept  low,  eliminating 
the  need  for  a  high-power  servo  motor. 

System  Design 

General 


Design  and  analysis  of  Fuel  Metering  System  No.  I  included: 


1. 

Revision  of  the  multiple-function  fuel  valve  to  adapt  it  to  the 
advanced  control  application 

% 

2. 

Establishment  of  interface  requirements  to  permit  servo  motor 
selection  and  integration 

3. 

Packaging  of  the  complete  system,  including  pump,  computer, 
and  servo  motor 

4. 

Cost  and  weight  analysis 

Multiple- Function  Fuel  Valve  Design 

The  multiple-function  fuel  valve  design  was  studied  for  adaptation  to 
the  advanced  control  system  requirements.  The  changes  in  require¬ 
ments  were: 

1.  Lower  metered  flow 

2.  Elimination  of  fuel  temperature  compensation  and  fuel  density 
adjustment 

The  multiple-function  fuel  valve  was  originally  designed  to  accom¬ 
modate  fuel  flow  to  1000  pph.  With  the  lower  flows  required  by  the 
2-to-5- Ib/sec  Wa  engines  (600  Ib/hour  maximum),  portions  of  the 
valve  could  be  scaled  down  to  provide  minimum  size.  The  pressure 
regulator  was  reduced  in  diameter  and  length,  and  the  metered  flow 
transfer  passage  area  was  reduced  to  provide  reduction  in  total  valve 
assembly  size. 
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The  closed- loop  control  mode  obviates  the  need  for  fuel  temperature 
compensation  and  fuel  density  adjustment.  The  bimetal  disc  stack 
and  the  fuel  density  adjustment,  therefore,  have  been  eliminated. 

Packaging 

Figure  63  represents  the  results  of  the  Fuel  Metering  System  No.  I 
packaging  study.  Included  in  the  package  are  the  multiple-function 
valve,  the  metering  valve  servo  motor,  the  fuel  pump,  the  electrical 
speed  pickup,  and  the  digital  electronic  computer. 

A  15,000-rpm,  balanced- vane  pump  was  incorporated  to  permit  sys¬ 
tem  packaging  and  a  valid  weight  and  size  comparison  with  Fuel 
Metering  System  No.  2.  This  particular  pump,  which  is  being 
developed  by  Avco  Lycoming  under  a  Contributing  Engineering  R-o- 
gram,  was  chosen  because  it  represents  a  level  of  development 
equivalent  to  the  other  components  of  this  advanced  control. 

All  components  are  packaged  in  an  aluminum  housing.  The  fuel  inlet 
passage  runs  through  the  center  of  the  electronic  computer,  provid¬ 
ing  mechanical  support  and  fuel-cooling  to  the  electronics.  The 
multiple-function  valve  and  servo  motor  are  located  against  the  pump 
and  computer  and  are  installed  through  appropriate  access  covers. 
The  metering  valve  and  servo  motor  shafts  are  connected  by  a  three- 
bar  linkage. 

Engine  mounting  is  accomplished  by  a  three-bolt  flange  with  keyhole 
type  of  clearance  holes  for  quick  installation.  Spot  faces  at  the  bolt 
head  location  prevent  inadvertent  disengagement. 

Other  quick-connect  arrangements  were  considered,  including  the 
Marmon  Clamp  and  threaded  ring,  but  were  found  to  be  excessively 
bulky. 

W eight  and  Cost 

Weight  and  cost  estimates  for  the  control  system  incorporating  Fuel 
Metering  System  No.  1  are  presented  below. 

The  costs  for  many  components  are  based  on  similar  items  currently 
in  production.  An  order  for  1000  assemblies  is  assumed  at  a  delivery 
rate  of  100  per  month. 
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Basic  Metering  System 

W eight  (lb) 

Cost  ($) 

Fuel  Pump  Assembly 

1. 85 

596 

Multiple-Function  Fuel  Valve 

0.  90 

572 

System  Housing  and  Covers 

0.85 

452 

Servo  motor  and  Gearbox 

0.  70 

75 

Valve  Position  Transducer 

0.  40 

50 

Power  Lever  and  Position  Transducer 

0.  80 

110 

No.  1  Fuel  Metering  System  Total 

5.50 

1855 

Emergency  System  Components 

Changeover  Valve 

0.  70 

55 

Metering  Valve  and  Pressure  Regulator 

0.75 

180 

No.  1  Emergency  System  Total 

1.45 

235 

Emergency  Manual  Metering  System  No.  1 

The  emergency  manual  metering  system  is  shown  schematically  in 
Figure  64.  The  solenoid-operated  changeover  valve  shuts  off  fuel  pump 
discharge  flow  to  the  multiple -function  fuel  valve  and  directs  it  to  the 
parallel  emergency  metering  system.  The  emergency  metering  valve 
is  permanently  connected  to  the  power  lever  shaft.  The  pressure  drop 
across  this  valve  is  held  constant  by  the  action  of  the  emergency 
pressure  regulator  valve,  thus  providing  proportional  flow  control  from 
the  power  lever. 

The  solenoid  changeover  valve  would  be  a  bistable  latching  device 
energized  from  the  airframe  power  system. 

FUEL  METERING  SYSTEM  NO.  2 


System  Description 

In  Fuel  Metering  System  No.  2,  a  high-speed  centrifugal  j  imp  with  an 
integral  inducer  stage  is  driven  by  a  miniature  variable- speed  drive  (VSD). 
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The  input  side  of  the  VSD  is  driven  from  the  engine  at  compressor  shaft 
speed,  and  the  VSD  ratio  is  modulated  to  control  pump  speed  and,  hence, 
fuel  flow  to  the  engine  .  The  system  is  shown  schematically  in  Figure  65. 

Fuel  flow  to  the  combustor  is  measured  by  a  mass  flow  sensor  for  com¬ 
parison  with  the  flow  command  signal  in  the  computer.  Any  resultant 
error  is  used  to  modulate  transmission  ratio  via  a  torque  motor.  Fuel 
shutoff  is  performed  by  an  inline  valve  with  solenoid  and  power  lever 
actuated  pilot  stages.  For  emergency  manual  control,  the  VSD  may  be 
locked  in  a  fixed-ratio  position  and  the  output  of  the  pump  throttled  by  an 
emergency  metering  valve. 

The  following  advantages  are  anticipated  over  other  metering  systems: 

1.  Resistance  to  contaminants  -  Since  the  steel  pump  impeller  is 
the  only  active  component  in  contact  with  the  fuel,  the  system  is 
compatible  with  all  fuel  types,  including  emulsions,  at  high  con¬ 
taminant  levels.  Service  life  of  the  system  should  be  in  excess 
of  3000  hours  without  fuel  filtration. 

2.  Closed -loop  flow  control  creates  an  adaptive  flow  handling  section, 
compensating  for  pump  and  drive  deterioration  and  changes  in  fuel 
characteristics . 

3.  The  centrifugal  pump  is  an  inherently  high-speed  device,  which  can 
be  greatly  reduced  in  size,  and  yet  is  simple  in  design  and  manufac¬ 
ture. 

4.  No  engine  fuel  boost  pump  is  required,  since  the  pump  and  inducer 
stage  are  capable  of  meeting  all  current  military  requirements 
without  externa'  assistance. 

5.  No  additional  control  system  valves  are  required  except  for  a  sim¬ 
ple  fuel  shutoff  valve,  which  may  "dead-end"  the  pump. 

6.  There  is  no  recirculation  of  fuel  around  the  pump,  thus  reducing 
fuel-temperature  rise  and  contaminant  accumulation. 

7.  Pump  and  VSD  package  size  would  not  increase  for  high  flow 
applications.  The  proposed  system  could  meet  the  requirements 
of  a  25-lb/sec  airflow  engine  by  increasing  pump  impeller  depth 
and  discharge  passage  dimensions.  The  VSD  design  would  remain 
unchanged. 
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Design  Considerations 


General 

Detailed  analyses  of  flow,  pressure,  and  speed  relationships  for  the 
centrifugal  fuel  pump  and  VSD  system  were  performed  to  insure  that 
the  best  choice  of  component  speed  ranges  would  be  used  and  that  all 
performance  requirements  could  be  met. 

Fuel  Pressure  Rise 


Fuel  pressure  rise  requirement  for  the  pump  is  determined  by  the 
engine  combustor  pressure,  combustor  nozzle  system  pressure  drop, 
line  pressure  drops,  and  pump  inlet  pressure.  The  only  undetermined 
factor  for  the  application  is  the  nozzle  system  pressure  drop,  and  it 
was  necessary  to  assume  a  particular  system  type.  A  dual-orifice 
nozzle  system  with  flow  divider  and  manifold  drain  valve  was  selected 
since  it  required  the  highest  pressure  drop.  Figure  66  depicts  typical 
pressure  drop  versus  flow  characteristic  for  this  system  together 
with  the  characteristic  of  an  air-assist  nozzle  system  with  pressur¬ 
izing  and  manifold  drain  valve.  The  low-pressure  nozzle  system 
could  be  made  compatible  with  a  pump  designed  for  the  dual- orifice 
nozzle  system  by  raising  the  pressurizing  valve  setting  and  increas¬ 
ing  its  resistance  to  flow.  Figure  67  shows  schematically  a  pressur¬ 
izing  and  manifold  drain  valve  which  would  allow  system  pressures 
to  be  selected  in  this  way.  It  is  desirable  to  operate  at  high  fuel 
pressures,  to  hold  actuation  systems  to  minimum  size  and  weight,  and 
to  prevent  vaporization  in  engine  fuel  lines.  Curves  representing 
maximum  and  minimum  fuel  pressure  rise  versus  engine  speed  were 
used  in  preparing  the  pump  operating  map  (Figure  68). 

Fuel  Flow  Range 

Transient  and  steady-state  flow  ranges  were  obtained  for  all  engine 
applications,  and  predictions  were  made  of  the  fuel  flow  required  for 
variable-geometry  actuation.  Additional  flow  was  considered  for  com¬ 
bustor  igniter  nozzles  at  engine  starting  speeds. 

A  maximum  transient  flow  of  1.75  gpm  was  predicted.  Figure  59 
shows  the  maximum  and  minimum  flow  requirements  versus  engine 
shaft  speed. 
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Fuel  Pump  Speed 


Available  pump  speed  range  is  determined  by  the  VSD  input  speed  and 
ratio  range.  Assuming  that  the  VSD  could  be  driven  at  engine  shaft 
speed,  60,  000  rpm  was  selected  as  the  maximum  speed  typical  of  the 
baseline  engine.  Operation  with  different  input  speed  ranges  would 
require  resizing  of  the  pump  impeller.  The  ratio  range  of  a  single- 
stage  toroidal  drive  is  0.316:1  to  3.162:1,  providing  a  10:1  pump  speed 
range  at  any  engine  speed.  Actual  pump  speed  will  be  determined  by 
the  fuel  flow  and  pressure  requirements  of  the  system. 

Fuel  Pump  Sizing 

Based  upon  the  data  presented  above,  design  points  for  the  pump  ele¬ 
ment  were  selected.  To  determine  impeller  diameter,  it  is  necessary 
to  fix  a  speed  and  pressure  rise  point.  In  low  specific  speed  units 
such  as  this,  the  pressure  rise  versus  speed  characteristic  is  virtu¬ 
ally  constant  over  the  entire  flow  range.  To  establish  the  impeller 
size,  two  extremes  were  considered: 

1.  At  10  percent  engine  speed,  a  minimum  pressure  rise  of  95 
psi  is  required  to  achieve  fuel  atomization.  If  the  vapor/ 

li  tuid  ratio  at  the  pump  inlet  is  0.  45,  an  additional  10  psi 
rise  must  be  provided  to  offset  the  loss  in  the  inducer  stage 
caused  by  this  condition.  At  this  engine  speed,  the  maximum 
pump  speed  is  19,  000  rpm  and  the  minimum  pressure  rise 
required  is  105  psi. 

2.  At  100  percent  engine  speed,  the  limitation  comes  from  the 
minimum  pump  speed,  which  is  also  19,  000  rpm.  At  this 
speed,  pump  pressure  rise  must  be  less  than  155  psi  to  re¬ 
duce  fuel  flow  to  the  deceleration  limit  in  the  most  unfavor¬ 
able  conditions. 

Using  these  limitations,  an  impeller  was  selected  to  give  125  psi  rise 
at  19,  000  rpm,  providing  a  significant  pressure  margin  for  both  de¬ 
sign  points.  To  determine  the  absolute  speed  range  of  this  pump  over 
the  range  of  applications,  curves  of  minimum  and  maximum  pressure 
rise  were  plotted.  These  curves  were  converted  to  pump  speed  curves, 
which  were  then  superimposed  on  the  output  speed  range  plot  for  the 
VSD.  This  plot,  shown  in  Figure  69,  illustrates  that  the  system  can 
meet  the  most  adverse  range  of  pressure  conditions  with  a  significant 
margin  of  pump  speed  to  deal  with  poor  vapor/liquid  conditions  and 


55 


component  deterioration.  A  maximum  transient  pump  speed  of  45,000 
rpm  is  predicted  in  normal  operation. 


Pump  flow  capacity  must  be  designed  for  the  maximum  predicted 
steady-state  flow  requirements.  If  the  unit  is  significantly  over  or 
under  capacity,  overall  efficiency  will  become  unacceptably  low  in 
some  regions  of  operation.  Consequently,  the  design  capacity  was 
selected  as  l.  3  gpm  at  42,  000  rpm. 

The  flow,  pressure,  and  speed  requirements  are  summarized  on  a 
performance  map  (Figure  68),  on  which  transient  and  steady-state 
operating  envelopes  are  superimposed. 

System  Service  Life 

For  design  purposes,  an  initial  service  life  target  of  3000  hours  was 
set.  This  is  a  significant  advance  over  current  small  gas  turbine 
practice  and  would  reduce  maintenance  time  and  cost  considerably. 

It  is  felt  that  the  system  should  ultimately  be  capable  of  10,  000  hours 
without  servicing. 

System  Design 


General 


Design  and  analysis  of  Fuel  Metering  System  No.  2  included  the 
following  effort: 

1.  Basic  design  requirements  were  established  for  the  system, 
including  pressure  rise,  flow,  and  speed  ranges. 

2.  Designs  were  obtained  for  the  fuel  pump  and  VSD  using  two 
different  approaches  for  each  component. 

3.  The  dynamic  response  of  the  system  was  determined  using 
digital  computer  simulation  programs. 

4.  Designs  were  prepared  for  additional  system  components,  in¬ 
cluding  the  power  lever  and  shutoff  valve  assembly  and  an 
emergency  metering  valve. 

5.  System  packaging  studies  were  performed,  incorporating  the 
component  designs  into  complete  control  system  assemblies. 
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Centrifugal  Fuel  Pump  Design 

The  flow  versus  pressure  and  speed  map  for  the  pump  was  submitted 
to  two  pump  manufacturers  for  review.  Both  vendors  responded  by 
submitting  pump  designs  with  performance  predictions. 

In  addition  to  the  performance  map,  the  manufacturers  were  given  re¬ 
quirements  for  overall  efficiency,  contaminant  resistance,  and  service 
life.  The  efficiency  had  to  be  such  that  the  fuel  temperature  rise 
would  not  exceed  50°F  under  steady  flow  conditions  and  that  the  re¬ 
quired  shaft  power  would  not  exceed  3  hp.  The  pump  was  required 
tc  operate  satisfactorily  with  fuel  contaminated  according  to  para¬ 
graph  3.  4.  1.  3  of  Military  Specification  MIL-E-5007C  for  the  full 
service  life  of  3000  hours  without  maintenance. 

The  two  manufacturers  took  significantly  different  approaches,  but 
the  performance  predictions  were  similar.  Vendor  A  proposed  a 
forced-vortex  pump  (Figure  70),  consisting  of  an  inducer  located  at 
the  inlet  passage,  a  straight  radial  four-bladed  open  impeller,  and  a 
collector  ring  with  discharge  venturi.  The  impeller  and  inducer  are 
integral  with  the  pump  shaft,  which  is  supported  by  two  bearings. 

One  bearing  is  a  fuel- lubricated  carbon  journal  at  the  inducer  shroud. 
The  other  is  an  oil  spray- lubricated  angular  contact  ball  bearing 
that  is  "shared"  with  the  VSD.  Carbon-cartridge-face-type  shaft 
seals  are  installed  between  the  impeller  and  ball  bearing  to  provide 
fuel-to-air  and  oil-to-air  sealing.  Vendor  A  claims  that  the  forced- 
vortex  configuration  is  more  efficient  at  low  specific  speeds  than 
conventional  pumps  due  to  reduction  in  disc  friction  and  seal  drag. 

The  pump  design  is  simple  and  rugged,  with  the  compcnents  re¬ 
quiring  far  less  machining  than  a  conventional  unit  with  shrouded 
impeller  and  discharge  volutes. 

The  pressure  rise  versus  flow  characteristics,  which  are  extremely 
flat  over  the  design  flow  range,  add  to  the  stability  of  the  proposed 
system.  With  the  inducer  stage,  the  pump  will  be  capable  of  oper¬ 
ating  under  the  specified  vapor/liquid  ratio  conditions  and  will  have 
satisfactory  dry-lift  capability.  Vendor  A  submitted  temperature 
rise  versus  flow  and  pressure  curves  and  power  consumption  figures. 
Also  provided  was  a  report  describing  tests  on  a  similar  pump  to 
determine  contaminant  tolerance,  efficiency,  and  dry-lift  ability. 

The  results  indicated  that  the  proposed  pump  could  meet  the 
specified  requirements. 
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The  design  of  Vendor  B  features  a  shrouded  impeller  with  integral 
inducer  stage.  The  rotating  assembly  is  suspended  on  two  oil- lub¬ 
ricated  ball  bearings,  which  also  carry  thrust  and  radial  loads  from 
the  transmission  section.  Fuel-to-air  and  oil-to-air  face-type  seals 
are  arranged  concentrically  behind  the  impeller  to  reduce  pump  length. 
An  additional  seal  is  provided  on  the  inlet  side  of  the  impeller  to 
eliminate  recirculation  of  fuel  within  the  pump.  The  impeller  dis¬ 
charges  fuel  to  a  collector  ring  in  the  aluminum  pump  housing.  Ven¬ 
dor  B  considered  that  a  conventional  discharge  volute  did  not  provide 
a  sufficient  gain  in  hydraulic  performance  to  justify  the  additional 
complexity  and  space  that  it  would  require  in  the  pump. 

Overall  efficiency  was  of  prime  importance  in  the  design  of  the  pump. 
The  work  accomplished  in  pumping  fuel  is  almost  insignificant  in  com¬ 
parison  to  the  work  expended  in  overcoming  frictional  losses.  Conse¬ 
quently,  both  manufacturers  attempted  to  reduce  these  losses  and 
minimize  heat  transfer  into  the  fuel.  Vendor  A  reduces  disc  friction 
by  eliminating  impeller  shrouds  and  reduces  seal  drag  by  eliminating 
the  need  for  a  seal  at  the  impeller.  The  hydraulic  efficiency  of  the 
unit  is  probably  lower  than  that  of  a  conventional  pump,  but  the  over¬ 
all  efficiency  is  acceptable.  Vendor  B  minimizes  losses  due  to  re¬ 
circulation  by  placing  a  seal  on  the  front  face  of  the  impeller  and 
holds  disc  friction  to  a  minimum  by  careful  control  of  impeller  side 
clea  rances.  The  location  of  both  bearings  in  the  oil  side  of  the  pump 
eliminates  them  as  a  cause  of  fuel-temperature  rise  and  avoids  the 
fuel  recirculation  necessary  with  a  fuel-lubricated  bearing.  A  curve 
of  predicted  fuel-temperature  rise  versus  flow  and  pump  speed  for 
the  Vendor  B  design  is  presented  in  Figure  71.  The  curve  shows  a 
maximum  steady- state  temperature  rise  of  54°F,  which  only  slightly 
exceeds  the  target  value. 

Both  vendors  concluded  that  the  performance  and  life  requirements 
for  the  pump  were  feasible  and  did  not  represent  an  extension  of 
current  technology. 

Mechanical  Transmission  Design 

The  mechanical  transmission  design  was  based  on  the  well  known  toroi¬ 
dal  design  manufactured  by  Avco  Lycoming  for  use  in  constant  speed 
alternator  drives,  control  devices,  and  mechanical  servos.  Recent 
programs  have  featured  miniature,  high-speed  versions  of  this  trans¬ 
mission  lubricated  by  engine  oils  such  as  MIL-L-7808.  The  reliabil¬ 
ity,  response,  and  low  cost  of  these  devices  make  them  attractive  for 
this  application. 
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The  transmission  arrangement  selected  is  illustrated  in  the  system  de¬ 
sign  (Figure  72).  The  aluminum  transmission  housing  supports  the 
input  side  thrust  bearing  and  carries  the  required  preload  for  power 
transmission.  The  housing  also  supports  and  locates  the  transmission 
ratio  change  control  assembly,  the  control  torque  motor,  and  the  fuel 
pump  housing.  The  output  side  bearing  is  located  in  the  fuel  pump 
housing  and  carries  both  the  transmission  preload  and  -  radial  and 
axial  pump  loads.  Both  bearings  are  of  an  angular  .jntact-ball  type 
designed  specifically  for  this  application.  Tht  outer  race  of  the  in¬ 
put  side  bearing  is  loaded  by  a  Belville  washer  system  that  provides 
the  compressive  force  between  the  transmission  toroids  and  rolls. 

The  transmission  roll-toroid  section  was  sized  to  transmit  4  hp  at 
100  percent  input  speed  and  45,000  rpm  outpu-  speed.  Surface  vel¬ 
ocities  and  compressive  Hertz  stresses  are  within  the  present  design 
practices  of  Avco  Lycoming.  The  geometry  of  the  transmission  was 
designed  to  provide  a  10:1  ratio  range  (0.316  to  3,162:1).  The  trans - 
mission  ratio  change  control  assembly  supports  three  gimbal-mount- 
ed  rolls  and  their  bearings  on  a  machined  aluminum  cage.  Each  roll 
is  bearing -mounted  on  a  shaft  that  is  supported  in  a  gimbal  and  is 
free  to  rotate  about  an  axis  perpendicular  to  the  transmission  axis 
(  6  axis).  The  gimbal  positions  are  synchronized  by  gear  segments, 
as  shown  in  Figure  73.  The  roll  shafts  are  free  to  pivot  about  an 
axis  ( )  that  is  perpendicular  to  the  9  axis.  Transmission  ratio 
is  changed  by  tilting  the  roll  about  the  C  axis,  causing  the  rolls  and 
gimbals  to  rotate  about  the  6  axis,  changing  transmission  ratio.  The 
rate  of  9  rotation  is  related  to  the  applied  steer  angle,  the  input 
speed,  and  tae  position  of  the  rolls  in  the  9  plane.  The  two  methods 
of  applying  steer  angle  are  discussed  below.  Since  the  motions  in¬ 
volved  are  not  easily  defined.  Figure  74  has  been  provided  as  ref¬ 
erence  to  supplement  the  description  of  both  methods.  In  both 
methods,  the  9  position  of  one  master  roll  is  transmitted  to  the  two 
slave  rolls  via  the  interconnecting  gear  segments. 

The  first  method,  referred  to  as  direct  a  control,  uses  an  electrical 
torque  motor  to  modify  the  master  roll  bearing  position  through  a 
mechanical  linkage.  As  shown  in  Figure  73,  the  torque  motor  rota¬ 
tional  output  would  be  converted  to  a  linear  motion  of  a  pushiod  via 
a  crank.  The  pushrod  is  concentric  with  the  gimbal  axis  and  rotates 
with  the  gimbal.  One  end  of  the  pushrod  is  attached  to  the  roll  shaft 
which  pivots  about  the  a  axis.  Steer  angle  applied  to  the  master  roll 
would  then  be  proportional  to  torque  motor  deflection.  Very  small 
displacements  (±  .006  in.)  are  required,  and  torque  motor  power 
consumption  would  be  low  (less  than  5  watts).  The  motion  of  the 
master- roll  about  the  9  axis  is  transmitted  to  the  gimbals  of  the 
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slave  rolls  via  the  gear  segments.  The  slave  rolls  cannot  be  forced 
to  rotate  about  the  9  axis  but  must  be  steered  as  is  the  master  roll. 
This  is  accomplished  by  mounting  the  roll  shafts  between  diagonal 
slots  in  the  gimbals.  When  the  gimbal  is  rotated  about  the  9  axis, 
the  forces  within  the  transmission  hold  the  slave  roll  fixed  in  the 
9  plane  but  allow  it  to  rotate  about  the  a  axis.  The  diagonal  mount¬ 
ing  slots  in  the  gimbal  tilt  the  roll  about  the  a  axis,  the  displace¬ 
ment  being  proportional  to  the  difference  in  9  angle  between  the  gim¬ 
bal  and  the  roll.  The  applied  j  angle  makes  the  roll  steer  itself 
toward  the  same  angle  as  the  gimbal,  creating  a  closed  -  loop  posi¬ 
tion  control  of  the  slave  rolls. 

In  the  9  control  method  (Figure  75),  all  gimbals  use  a  diagonal  slot 
for  positioning  the  roll  bearings.  The  shaft  of  the  master  gimbal  is 
extended  through  the  transmission  housing  and  is  positioned  by  an 
electrical  torque  motor.  The  motion  of  the  master  gimbal  is  again 
transmitted  to  the  slave  gimbals  by  the  gear  segments. 

The  9  method  of  control  was  selected  for  the  following  reasons: 

1.  Safety  -  In  the  event  of  an  electrical  power  failure  or  computer 
malfunction,  the  gimbals  will  remain  in  one  position  until  the 
pilot  assumes  manual  control.  With  direct  a  control,  the 
ratio  of  the  drive  would  probably  drift  to  a  hard-over  condition, 
either  direction  being  catastrophic. 

2.  Simplicity  -  the  transmission  control  assembly  is  much  simpler 
and  more  robust  with  the  0  control  mode  This  simplicity 
provides  a  more  reliable  device  at  lower  weight  and  cost  than 
the  a  control  assembly. 

3.  Performance  -  Elimination  of  the  control  linkage  reduces 
backlash  and  hysteresis  in  the  control  assembly,  leading  to 
improved  response  and  stability.  Another  advantage  is  that 
the  rate  of  change  of  ratio  is  directly  proportional  to  torque 
motor  angular  velocity.  With  direct  a  control,  the  ratio 
change  rate  is  proportional  to  torque  motor  displacement 
and  is  influenced  by  drive  speed  and  roll  position. 

The  transmission  design  is  based  on  well-proven  design  features 
from  previous  experiemental  and  production  units.  The  current 
MTBF  for  similar  roll  and  toroid  components  is  5500  hours. 
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Transient  and  frequency  response  tests  on  a  similar  device  have 
demonstrated  that  adequate  dynamic  performance  can  be  achieved 
in  the  design.  The  acceleration  of  the  drive  is  directly  dependent 
on  inertia  loading  of  the  components  on  the  output  end  of  the  drive. 

A  preliminary  inertia  analysis  of  the  VSD-centrifugal  fuel  pump 
combination  indicates  that  the  system  response-time  design  objective 
of  0.  03  second  is  feasible.  However,  a  detailed  system  inertia 
study,  including  any  additional  accessories, will  have  to  be  thoroughly 
analyzed  once  a  final  configuration  is  established. 

A  variable-speed  test  transmission,  design  for  high-speed  operation 
and  conventional  gas  turbine  lubricating  fluids  (i.e.,  MIL-L-7808 
and  MIL- L- 23699),  is  currently  being  evaluated  as  part  of  an  Avco 
Lycoming  Independent  Research  Program.  The  transmission  has 
successfully  completed  engine  cold  starts  (-30°F)  using  engine- 
supplied  lubricant  MIL-L-7808  nnd  has  run  continuously  at  toroidal 
speeds  of  25,000  rpm.  The  unit  is  capable  of  transmitting  up  to 
3  horsepower  at  a  constant  output  speed  over  a  20:1  input  speed 
range.  Design  schemes  generat  ;d  under  this  program  are  directly 
applicable  and  are  reflected  in  th^  design  of  the  transmission  for 
this  study.  Figure  76  shows  the  power  section  of  the  test  transmis¬ 
sion  after  22  hours  of  development  testing.  Components  in  the 
ratio  change  section  are  similar  to  the  proposed  drive.  Research 
of  high-speed  transmissions  is  being  continued.  The  planned  test 
program  includes  operation  up  to  40,  000  rpm  toroidal  speeds  and 
investigation  of  a  and  0  control  methods  and  interface  devices.  The 
results  of  this  research  will  be  applied  to  the  centrifugal  fuel  pump 
transmission. 

Dynamic  Response  Analysis 


Digital  and  analog  computer  simulations  were  made  of  the  variable- 
speed  drive  and  pump  system.  Satisfactory  response  and  stability 
were  obtained  at  all  operating  conditions  examined. 

Under  a  previous  independent  research  and  development  program, 
in  which  the  feasibility  of  a  similar  metering  system  was  studied, 
a  MIMIC  digital  computer  program  was  constructed  to  simulate  the 
dynamic  performance  of  the  VSD  and  pump  in  conjunction  with  an 
engine.  The  program  was  also  duplicated  on  an  analog  computer  to 
allow  rapid  evaluation  of  parameter  changes.  In  this  study,  these 
simulation  programs  were  updated  to  include  the  design  parameters 
of  the  proposed  system,  and  test  runs  were  performed  to  determine 
stability  and  transient  response.  The  Control  Mode  Studies  section 
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of  this  report  includes  block  diagrams  and  results  of  the  simulations. 

Although  the  simulation  studies  predicted  stable  operation,  they  were 
not  capable  of  predicting  possible  fuel  syctem  pressure  resonances 
and  difficulties  in  establishing  stable  flow  control  with  a  centrifugal 
pump.  Such  fuel  pressure  oscillation  could  cause  combustion 
instability  or  "rumble".  To  investigate  these  possibilities,  tests 
were  performed  on  an  Avco  Lycoming  T55-L-11  engine  using  a  forced 
vortex  pump  that  discharged  directly  to  the  engine,  manifolds.  The 
pump  was  driven  by  a  variable- speed  electric  motor  at  speeds  up  to 
27,  000  rpm.  During  the  test,  the  engine  was  operated  at  gas 
producer  speeds  between  40  and  80  percent  while  pressures  and  flows 
were  observed  using  high-speed  CEC  recorders.  No  instabilities  in 
control  occurred.  In  an  attempt  to  induce  combustion  instability, 
the  flow  divider  valve  was  removed  and  primary  flow  was  controlled 
manually.  It  was  impossible  to  induce  any  kind  of  instability  by 
varying  primary  to  secondary  flow  ratio  or  by  inducing  sudden 
primary  flow  changes.  Engine  speeds  could  be  controlled  accurately 
by  manual  variation  of  pump  speed  over  the  range  of  the  test. 

Power  Lever  and  Fuel  Shutoff  Valve  Assembly 

The  power  lever  and  shutoff  valve  are  included  in  a  single  assembly, 
which  can  be  installed  at  any  convenient  point  in  the  fuel  control 
discharge  line.  The  power  lever  is  mechanically  connected  to  the 
pilot's  lever  and  positions  the  engine  speed  select  transducer  and 
the  manual  fuel  shutoff  pilot  valve.  The  assembly  also  contains  the 
main  fuel  shutoff  valve  and  a  solenoid-operated  pilot  valve.  For 
applications  requiring  an  emergency  system,  an  additional  bolt-on 
package  would  provide  an  emergency  metering  valve  and  stepdown 
pressure  regulator  as  described  below  in  the  paragraph  Emergency 
Manual  Metering  System.  The  complete  assembly  is  illustrated 
schematically  in  Figure  77. 

System  Packaging  Study 

Following  the  initial  sizing  of  pump  and  transmission  components, 
packaging  studies  were  made  to  select  the  interfaces  and  envelope 
requirements.  Two  design  layouts  of  the  system  were  prepared 
using  alternative  pump  and  transmission  assemblies.  Design 
criteria  were  minimum  size,  maintainability,  provisions  for 
accessory  integration,  and  ease  of  manufacture. 
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The  first  layout,  depicted  in  Figure  72,  included  the  Vendor  A  fuel 
pump,  the  VSD  with  a  control  mode,  and  the  digital  electronic 
computer.  The  aluminum  transmission  housing  supports  the  VSD 
input  bearing,  the  VSD  control  section  (including  a  control  torque 
motor),  and  the  fuel  pump  assembly.  A  three-bolt  flange  with  nut 
clearance  holes  is  provided  on  the  housing  for  quick  engine  installa¬ 
tion  and  removal  of  the  control  assembly.  The  fuel  pump  assembly 
features  a  two-part  aluminum  housing,  which  is  bolted  to  the 
transmission  housing.  To  achieve  close  mechanical  integration, 
the  transmission  output  toroid  is  mounted  on  the  pump  shaft,  and 
the  pump  bearings  carry  loads  from  the  transmission.  Oil  and  fuel 
face-type  seals  are  provided  in  the  pump  housing  with  an  interseal 
dii.'n.  The  pump  inlet  tube  is  integral  with  the  impeller  housing 
and  supports  the  electronic  computer  assembly,  allowing  some 
heat  transfer  from  the  electronics  to  the  inlet  flow. 

This  arrangement  permitted  the  major  system  components  to  be 
contained  in  a  cylindrical  package,  3.  25  inches  in  diameter  and  8.  0 
inches  in  length.  Additional  components  required  for  an  engine 
system  would  be  the  power  lever  and  shutoff  valve  assembly  and 
the  fuel  flow  sensor.  These  items  may  be  located  at  any  convenient 
location  in  the  discharge  fuel  line  and  are  described  above  in  the 
paragraph  Power  Lever  and  Fuel  Shutoff  Valve  Assembly. 

The  second  layout,  shown  in  Figure  78,  included  the  Vendor  B  fuel 
pump  design,  the  VSD  with  0  control  mode,  a  flux  switch  generator, 
a  digital  computer,  a  flow  sensor,  and  a  power  lever  and  shutoff 
valve  assembly.  (Note  that  the  generator  was  added  to  this  layout 
as  discussed  below.)  This  represents  a  complete  control  system 
for  dual-engine  applications  without  variable-geometry  systems. 

The  package  configuration  is  the  same  as  that  in  the  first  layout 
but  illustrates  major  component  differences.  An  additional  0.  25 
inch  of  length  is  required  for  inclusion  of  the  generator. 

Ease  of  servicing  is  provided  by  the  modular  package  construction. 
The  electronic  computer  may  be  removed  for  testing  without 
removing  the  system  from  the  engine  or  disconnecting  any  fuel  lines. 
The  pump  assembly  can  be  removed  from  the  VSD  by  disassembling 
four  bolts  and  may  be  tested  as  a  separate  unit  by  installing  a  drive 
spline  adapter  in  place  of  the  VSD  output  toroid.  Evaluation  of  the 
VSD  can  be  made  with  the  pump  assembly  attached.  The  pump  may 
be  used  to  load  the  transmission  in  production  testing.  Other  items 
which  may  be  replaced  without  removing  the  system  from  the  engine 
include  the  transmission  control  device,  the  flow  sensor,  and  the 


power  lever  and  shutoff  valve  assembly.  The  condition  of  the  pump 
and  VSD  assemblies  may  be  checked  by  measurement  of  pump  speed 
and  fuel  pressure  rise  at  ground  idle  engine  speed. 

The  addition  of  engine  accessories  on  the  VSD  output  shaft  was 
studied,  since  the  small,  high-speed  band  of  operation  w:  uld  enable 
the  size  of  other  pumps  and  electrical  generators  to  be  reduced  in 
comparison  with  units  driven  at  engine  shaft  speed.  To  illustrate  the 
concept,  an  electrical  generator  that  is  capable  of  providing  sufficient 
power  for  the  control  system  and  its  interface  devices  was  designed. 
The  design  and  installation  of  a  flux-switch  generator  are  described 
in  Appendix  VI  of  this  report.  Power  supply  is  a  major  problem 
in  gas  turbine  electronic  controls,  and  this  system  provides  a  unique 
solution  to  reduction  of  the  generator  size  and  simplification  of 
power  conditioning. 

Emergency  Manual  Metering  System  No.  2 

To  provide  emergency  manual  metering,  the  VSD  ratio  control  would  be 
locked  in  one  position  by  a  cartrige-driven  actuator,  and  the  output  of 
the  pump  would  be  throttled  by  a  pressure  regulator  and  emergency 
metering  valve.  The  system  is  depicted  schematically  in  Figure  77. 

System  components  would  be  available  in  kit  form  for  use  in  single¬ 
engine  applications.  Two  assemblies  would  be  provided:  (1)  the  0 
shaft  lock  assembly  and  (2)  the  emergency  metering  valve  (EMV) 
assembly.  The  0  shaft  lock  would  attach  to  the  VSD  housing,  and  the 
EMV  assembly  would  bolt  co  the  power  lever  and  shutoff  valve  assembly. 

The  system  would  be  actuated  by  a  pilot-operated  manual  switch,  which 
applies  airframe  current  to  the  0  shaft  lock  cartride  and  the  EMV  bypass 
latching  solenoid  valve.  The  cartridge  provides  gas  to  the  actuator, 
which  drives  the  VSD  0  shaft  to  a  predetermined  position  and  locks  it. 

A  constant  VSD  ratio  of  0.884:1  was  selected  for  the  emergency 
condition  in  order  to  provide  adequate  fuel  pressure  for  acceleration 
at  all  conditions  above  50-percent  engine  speed.  This  fixed  ratio  will 
result  in  a  maximum  pump  speed  of  53,  000  rpm  at  100-percent  engine 
speed.  This  pump  speed,  which  is  higher  than  the  maximum  design 
speed  of  45,  000  rpm,  will  not  impose  undue  loads  on  the  pump  and 
transmission  components. 

Energizing  the  bypass  solenoid  valve  closes  part  of  the  normal  flow  path 
and  actuates  the  stepdown  pressure  regulator.  Normally,  fuel  from  the 
valve  inlet  flows  through  both  the  regulator  valve  and  the  regulator 
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bypass  valve  and  then  out  of  the  assembly  via  the  fuel  shutoff  valve. 

The  emergency  metering  valve  is  permanently  connected  to  the  power 
lever  but  has  no  effect  on  flow  in  normal  operation.  When  the  regulator 
bypass  valve  is  open  (deenergized),  pressures  across  the  stepdown 
regulator  piston  are  equalized,  and  the  regulator  spring  moves  the 
regulator  valve  to  the  fully  open  position.  When  the  bypass  valve  is 
closed  (energized),  all  flow  must  pass  through  the  regulator  valve  and 
emergency  metering  valve  (EMV).  The  pressure  drop  across  the  EMV 
is  then  applied  to  the  sensing  areas  of  the  stepdown  regulator  piston, 
causing  the  regulator  valve  to  move  toward  the  seat  and  to  restrict 
flow.  The  regulator  then  acts  to  maintain  a  constant  pressure  drop 
across  the  emergency  metering  valve.  Since  the  flow  area  of  the  EMV 
is  controlled  by  power  lever  position  and  pressure  drop  is  held  constant, 
the  pilot  may  select  steady-state  flow  directly  with  the  power  lever. 

The  fuel  shutoff  valve  is  part  of  the  normal  fuel  system  and  is  described 
above  in  the  paragraph  Power  Lever  and  Fuel  Shutoff  Valve  Assembly. 

In  manual  operation,  fuel  shutoff  is  achieved  by  closing  the  EMV  and  by 
manual  operation  of  the  shutoff  pilot  valve  from  the  power  lever  shaft. 

A  design  layout  for  the  emergency  metering  valve  assembly,  together 
with  the  solenoid  and  manually  operated  fuel  shutoff  valve,  was  prepared. 

Weight  and  Cost  Estimates 


Weight  and  cost  estimates  were  obtained  for  all  system  components 
studied.  The  cost  predictions  are  based  on  an  order  for  1000  units 
with  a  delivery  rate  of  100  units  per  month. 


Weight  Cost 


Basic  Metering  System 

(lb) 

$ 

VSD  (with  0  Control  Mode)  Assembly 

1.9 

1050 

Vendor  B  Fuel  Pump  Assembly 

1.3 

175 

VSD  Control  Servo  Motor 

0.6 

75 

Fuel  Flow  Sensor 

0.  3 

135 

Power  Lever  and  Shutoff  Valve  Assembly 

0.  8 

150 

No.  2  Fuel  Metering  System  Total 

4.9 

1585 
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Alternative  Syatem  Component* 

W  e  tg  ht 
(lb) 

Cost 

1 

VND  ( with  a  Control  Mode)  A**rmbly 

1  *» 

1200 

Vendor  A  Fuel  Pump  A**embly 

; .  1 

277 

VSD  Control  Torque  Motor 

0.  4 

I0S 

Emergency  Syatem  Component* 

0  Shaft  Lock  Aaaembly 

0.  IS 

JS 

ETM V  Aaaembly 

0.  7S 

^S 

No.  2  Emergency  Syatem  Total 

O 

o 

1  JO 

COMPARISON  OF  SYSTEMS 

A  compariaon  of  the  main  feature*  of  the  t*»o  proposed  fuel  metering 
•  ystema  ia  aa  followa: 

Syatem 
No.  1 

Syatem 
No  2 

Weight  of  Baaic  Syatem  (lb) 

S.  SO 

4.  00 

Additional  Wright  of  Emergency  Syatem  (lb) 

1  .  4S 

o 

£ 

O 

Coat  of  Baaic  Syatem  ( $) 

IPSS 

IS8S 

Additional  Coat  of  Emergency  Syatem  ( S) 

2JS 

1  JO 

Weight  of  Optional  Electrical  Generator  (lb) 

1 .  So 

0  so 

Coat  of  Optional  Electrical  Generator  ( S) 

400 

so 

Service  Life  w it H  Contaminated  Fuel  (hr) 

J00 

J000 

Potential  Service  Life,  Clean  Fuel  (hr) 

J000 

10. 000 

Maximum  Potential  Pad  Speed  (rpm) 

2S. 000 

8S , 00  0 

electrical  Potaer  Requirement,  Maximum  (*att*) 
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Fuel  Metering  System  No.  1 
Advantage* 

1.  U*e*  "Stablished  technology 

2.  Require*  less  electrical  power  for  actuation 
Disadvantages 

I  .  Require*  low  pad  speed 

2.  Ha*  severely  limited  pump  life  with  contaminated  fuels 
Fuel  Metering  Sygtem  No.  2 
Advantage* 

1 .  Long  service  life 

2.  High  tolerance  to  fuel  contaminants 

3.  Operates  at  engine  shaft  speed 

4.  Adaptable  to  engines  up  to  25  Ib/sec  airflow  without  increase  in 
package  size,  weight,  or  cost 

5.  Allows  other  engine  accessories  to  be  integrated  with  the  control 
system  and  permits  significant  size  reduction  of  components 
(Accessories  may  include  generators,  lubrication  pumps,  and 
air-assist  system  compressors  or  hydraulic  pumps.) 

Disadvantages 

1.  VSD  and  fuel  flow  sensor  require  development 

2.  Requires  connections  to  engine  oil  system 

In  summary,  Fuel  Metering  System  No.  1  provides  a  method  of  achiev¬ 
ing  the  specified  requirements  without  undue  technological  risk  or 
cost  in  a  package  of  size  and  weight  comparable  to  System  No.  2.  Its 
srrvice  life,  reliability,  and  maintainability  would  be  comparable  with 
present-day  systems.  Fuel  Metering  System  No.  2  offers  advantages 
in  many  areas  but  requires  a  greater  component  development  effort. 
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The  most  significant  advantages  are  (1)  the  ability  to  operate  at  engine 
shaft  speed,  (2)  the  facility  for  driving  the  system  electrical  generator 
over  a  high-speed  band  of  operation,  thereby  reducing  the  generator 
size,  and  (3)  simplifying  the  power- conditioning  circuitry.  For  larger 
engine  applications,  Fuel  Metering  System  No.  2  would  have  unsurpass¬ 
able  advantages  in  size,  weight,  and  cost. 


SENSORS 


TURBINE  TEMPERATURE  SENSORS 


Introduction  and  Background 


In  the  past,  the  temperature  sensing  element  has  been  the  limiting  factor 
inhibiting  the  widespread  use  of  closed-loop  turbine  temperature  controls 
for  gas  turbine  engines.  Normally  these  sensors  would  be  required  to 
live,  uncooled,  in  the  turbine  region  of  the  engine  where  turbine  blades 
and  vanes  are  air-cooled.  Furthermore,  the  sensors  must  respond 
rapidly  to  changes  in  gas  temperature.  These  are  diverse  requirements. 
Recently,  however,  technological  developments  with  fluidic  temperature 
sensing  elements  and  circuitry  have  fostered  renewed  interest  in  closed- 
loop  turbine  inlet  temperature  controls. 

Under  an  Army- sponsored  Contributing  Engineering  research  and  devel¬ 
opment  program  and  a  company- sponsored  independent  research  and 
development  (IRAD)  program,  Avco  Lycoming  has  studied  and  evaluated 
several  different  types  of  temperature  sensing  devices.  These  included 
fluidic  oscillators,  fluidic  and  electronic  thermistors,  thermocouples, 
radiation  sensors,  and  ultrasonic  sensors.  Two  sensors  from  this  list, 
the  fluidic  oscillator  and  the  fluidic  thermistor,  were  selected  for  fur¬ 
ther  extensive  investigation.  These  two  types  of  sensors  were  evaluated 
on  the  bench  and  on  production  versions  of  Avco  Lycoming  engines  to 
determine  their  accuracy  and  response. 

The  need  for  fast  dynamic  response  and  accuracy  of  the  sensed  tempera¬ 
ture  becomes  more  evident  when  one  considers  the  manner  in  which  the 
sensor  and  its  related  signal  circuitrv  are  incorporated  into  the  overall 
control  system  block  diagram  (Figure  79).  The  fluidic  temperature 
sensor  and  its  signal  circuitry  are  located  in  the  feedback  path  of  the 
closed-loop  controller.  If  the  static  gain  of  the  forward  loop  element 
G(S)  is  very  much  greater  than  unity,then  the  response  and  accuracy  of 
the  overall  system  C(S)/R(S)  are  directly  related  to  the  response  and 
accuracy  of  the  feedback  elements  H(S). 
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During  1968,  Avco  Lycorring  comp’eted  a  preliminary  engine  evaluation 
of  a  miniature  (dime-size)  fluidic  osciilata;  temperature  senBor,  This 
testing  was  intended  to  establish  the  feasibility  of  using  this  type  of  sen¬ 
sor  in  the  hollow  turbine  stator  vanes  of  the  first  turbine  nozzle.  Fig¬ 
ure  80  is  a  schematic  of  this  engine  test  setup  showing  the  sensors 
installed  in  the  stator  vane.  The  pneumatic  frequency  generated  by  the 
sensor  was  ducted  from  the  engine  by  a  1  /8 -inch-diameter  line,  and  the 
pneumatic  frequency  was  converted  to  an  electronic  fiequency  by  a  piezo¬ 
electric  pressure  transducer.  Two  prototype  sensors  were  installed  and 
tested  simultaneously;  however,  no  attempt  was  made  to  average  the  two 
readings.  With  the  sensors  installed  in  this  manner,  cooling  air  passed 
over  the  outside  surface  of  the  sensors  throughout  the  entire  test;  there¬ 
fore,  the  effect  of  this  cooling  air  must  be  considered  when  evaluating 
the  output  signal.  This  preliminary  test  work  has  led  to  the  discovery 
that  the  fluidic  oscillator  retains  the  ability  to  sense  supply  gas  tem¬ 
perature  while  being  deliberately  cooled  externally.  The  paragraph 
Signal  Error  Compensation  in  this  section  describes  a  method  of  error 
compensation  whereby  the  sensed  temperature  error  due  to  cooling  is 
compensated. 

The  rest  of  this  section  describes  the  operation  of  the  fluidic  oscillator 
and  the  fluidic  thermistor  temperature  sensors,  and  the  proposed  method 
of  incorporating  the  oscillator  temperature  sensors  into  a  typical  2-  to 
5-lb/sec  engine. 


Fluidic  Oscillator  Temperature  Sensor 
Description 

The  fluidic  oscillator  temperature  sensor  is  defined  as  a  jet-edge- 
resonator  device.  The  oscillator  can  simply  be  described  as  con¬ 
taining  two  orifices  in  series  with  an  intermediate  volume  or  reso¬ 
nant  cavity,  where  an  acoustic  frequency  is  generated  as  a  function 
of  the  temperature  of  the  gas  within  this  cavity. 

The  fluidic  oscillator  is  unlike  other  temperature  sensing  devices 
since  it  does  not  require  measurement  through  a  material  interface, 
i.  e.  ,  the  supply  gas  is  ducted  directly  into  the  sensor.  The  sensor 
material  and  its  mass  effect  only  the  steady- state  gas  temperature 
measurement  by  heat-energy  transfer  from  the  gas  stream  to  the 
sensor  material;  i.  e, ,  steady-state  accuracy  cannot  be  estab¬ 
lished  until  the  sensor  material  is  at  the  same  temperature  as  the 
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supply  gas.  If  the  sensor  is  not  surrounded  by  supply  gas,  a  tem¬ 
perature  gradient  will  exist  across  the  sensor  wall,  causing  an 
error  in  the  output  signal.  This  error  must  be  compensated  in  the 
final  system,  and  the  paragraph  Signal  Error  Compensation  discusses 
this. 

Location  and  Installation 


The  oscillator  will  be  located  in  a  cooled  region  of  the  engine  with 
its  inlet  orifice  located  essentially  at  Station  5,  the  initial  turbine 
inlet.  Figure  81  shows  the  sensor  installed  in  a  typical  2-  to  5-lb/ 
sec  engine  and  indicates  the  relative  size  of  the  sensor  with  res¬ 
pect  to  the  engine.  The  sensors  can  not  be  designed  into. the  hollow, 
air-cooled,  stator  vanes  because  the  vanes  for  this  class  of  engines 
are  too  small  to  accommodate  the  signal  tube.  Burner  exhaust  gas 
is  ducted  through  the  sensor  and  discharges  to  ambient  air,  such 
that  the  sensor  is  referenced  to  the  maximum  attainable  engine  pres¬ 
sure  ratio.  A  Pitran  pressure  transduce*,  which  is  shown  mounted  to 
the  outside  wall  of  the  diffuser  housing,  is  fed  by  a  pneumatic 
signal  tube  directly  from  the  temperature  sensor.  Eight  individual 
fluidic  oscillators  are  proposed  for  this  program  to  obtain  an  ade¬ 
quate  temperature  average  that  is  within  approximately  1.2  percent 
of  the  calculated  thermodynamic  average.  The  electronic  frequency 
signals  from  each  of  the  eight  Pitran  transducers  are  directed, 
respectively,  to  each  of  the  eight  frequency-to-dc  convertors  located 
in  the  cooled  portion  of  the  electronic  controller. 

Materials  and  Manufacturing  Techniques 

The  fluidic  oscillators  should  be  made  from  Inconel  alloy  702 
material,  which  possesses  good  oxidation  resistance  to  over  2000°F 
and  has  a  softening  temperature  of  approximately  2450°F.  With  the 
sensor  installed  in  a  region  of  compressor  discharge  air,  the  max¬ 
imum  sensor  material  temperature  should  be  less  than  the  softening 
temperature  when  subjected  to  T5  transients  to  3000°F. 

The  sensor  design  configuration  can  be  successfully  machined  into 
super-alloy  steels  by  either  milling,  electrical-discharge  machining 
(EDM),  or  electrochemical  milling  (ECM).  Assembly  of  these 
miniature  sensors  has  been  successfully  performed  using  diffusion 
bonding  techniques  and  heliarc  welding. 
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Advanced  sensor  designs  of  the  miniature  size  might  ultimately 
be  made  from  high  temperature  ceramic  materials  such  as  alumina 
oxide . 

Sensor  Dynamics 

This  paragraph  defines  the  operation  of  the  fluidic  oscillator  by  the 
use  of  an  electrical  analogy  and  will  derive  the  equations  that  pre¬ 
dict  the  dynamic  performance.  It  will  be  shown  that  the  fluidic  os¬ 
cillator  has  an  initial  fast-path  response  with  respect  to  changes  in 
the  inlet  gas  temperature,  i.e.,  the  sensor  responds  rapidly  to 
about  80  percent  of  a  step  temperature  change  and  responds  slowly 
to  the  remaining  20  percent  of  the  temperature  change  because  of  the 
mass  of  the  sensor  material. 

Consider  the  electrical  circuit  description  of  the  oscillator  shown 
in  Figure  82  .  Four  discrete  temperatures  are  relevant  to  the 
operation  of  the  device:  the  supply  gas  temperature  (Tg),  the  sen¬ 
sor  cavity  temperature  (Tc),  the  sensor  body  temperature  (Tb), 
and  the  sensor  ambient  temperature  or  cooling  air  temperature 
(Ta).  The  temperature  drop  between  T5  and  Tc  is  caused  by  the 
inlet  orifice  resistance  (R j )  and  the  sensor  cavity  capacitance  (Cj). 
The  temperature  drop  between  Tc  and  T5  is  caused  by  the  inside 
film  resistance  (R2)  and  the  sensor  material  capacity  (C2).  The 
temperature  drop  between  Tb  and  Ta  is  a  function  of  only  the  out¬ 
side  film  resistance  (R^).  The  oscillator  is  subjected  to  transient 
temperatures  from  both  T5  and  Ta;  the  output  frequency  which 
is  a  measure  of  Tc  is  influenced  by  these  changes. 

Considering  a  step  change  in  T5  temperature,  the  effect  will  be  an 
immediate  change  in  Tc  temperature  which  is  attenuated  by  the 
resistance  (R 1  and  R2)  anc*  sensor  capacitance  (Cj).  The 
resistance  (R3)  is  short  circuited  by  C2  and  the  sensor  material 
does  not  respond.  As  time  increases,  the  three  resistances  are  in 
series, and  Tc  will  track  T5  with  only  a  slightly  lower  amplitude, 
equivalent  to  the  steady- state  error. 

Figure  83  is  a  signal  flow  graph  of  the  fluidic  oscillator  tempera¬ 
ture  sensor  and  will  be  used  to  derive  the  transfer  function  (Tc/Tc) 
This  transfer  function  will  aid  in  an  understanding  of  the  effect  of 
the  change  in  the  input  variable  on  the  output  frequency. 
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In  the  signal  flow  graph,  the  values  of  the  nodes  (the  circled  ele¬ 
ments)  are  equal  to  the  sum  of  all  the  incoming  signals,  and  the  path 
functions  define  the  transfer  from  one  node  to  the  next.  A  tool  used 
in  analyzing  this  type  of  circuit  is  Mason's  expansion, which  permits 
the  transfer  function  to  be  written  directly  from  the  signal  flow 
graph,  i.  e. ,  using  Mason's  expansion  and  solving  for  Tc/T5  for 
small  purturbations  about  a  given  steady- state  point. 


T 


T 


K=n 

E  Vi 

v  - 1  A 


(1) 


where  T 

T 


Overall  transfer  function  or  graph  transmittance 


=  Path  transmittance  =  the  path  from  a  source  to 
a  node 


A  =  Graph  determinant  =  1  -  (sum  of  loop  transmittance s) 

+  (Sum  of  pairs  of  nontouching  loops)  -  (sum  of  triplets) 

=  Path  factor  =  the  graph  determinant  of  the  remain¬ 
ing  portion  of  the  signal  flow  graph  when  the  path 
transmittance  is  removed. 


Therefore, 
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Combining  equations  (2),  (3),  and  (4)  and  simplifying  the  equation 
results  in  the  transfer  function  i  /$e. 

C  !) 


Equation  (5)  will  now  be  used  to  define  the  dynamic  behavior  of  the 
sensor.  For  simplicity  in  estimating  the  sensor  performance, 
relative  numerical  values  will  be  assigned  for  the  parameters;  i.  e. 


=  0.1,  R  =  1.0,  R  =  1.0,  C  =  0.1,  and  C  =  1.0. 

4  j  1  £ 


Substituting  these  values  into  equation  (5)  yields  the  following  re¬ 
sults, 


Tg  S2  +  112  S  +  210 


=  0.  95 


(0.  5  S  +  1) _ 

(0.  59  S  +  1  )  (0.009  S  +  1) 


Equation  (6)  shows  conclusively  that  the  transfer  function  of  Tc/Tij 
is  a  lag-lead-lag  function,  where  the  lag  terms  are  a  result  of 
the  sensor  material  inertia  and  the  cavity  purge  efficiency,  and  the 
lead  term  is  the  fast-path  transfer  from  Tg  to  Tc,  It  also  in¬ 
dicates  that  the  low-frequency  lag  and  lead  will  effectively  cancel, 
by  proper  choice  of  design  conditions,  and  the  sensor  mass  does 
not  affect  the  response. 


Figure  84  is  a  Bode  plot  or  frequency  response  diagram  for  the 
fluidic  oscillator  temperature  sensor.  The  results  shown  in  this 
figure  are  those  of  an  experimental  study  performed  on  an 
Avco  Lycoming  T55-L-7  engine  and  compare  closely  with  the 
theoretical  predictions  for  the  sensor,  substantiating  the  analytical 
approach.  The  block  diagram  representation  of  a  fast-  and  slow- 
path  signal  (Figure  84  )  will  aid  in  an  intuitive  understanding  of 
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the  problem  and  follows  from  a  partial  fraction  expansion  of  the 
transfer  function  in  equation  (6). 

The  fluidic  oscillators  appear  to  have  excellent  dynamic  response 
and  should  be  well  suited  for  acceleration  fuol  limiting. 

Sensor  Design 

The  proposed  sensor  design  was  supplied  to  Avco  Lycoming  by 
the  Harry  Diamond  Laboratories  (HDL),  which,  in  the  past,  suc¬ 
cessfully  supported  Avco  Lycoming  research  and  development  work 
when  the  original  miniature  temperature  sensor  design  was  evaluated 
in  the  engine.  For  the  sensor  design,  it  was  necessary  to  spe¬ 
cify  only  the  required  operating  conditions  and  the  overall  sensor 
size.  Figure  85  shows  the  frequency-temperature  relationship  of 
the  proposed  sensor.  The  high  normal  operating  frequency  (30- 
60  kHz)  should  permit  the  sensor  to  operate  out  of  the  frequency 
range  of  engine-generated  noise.  The  sensor  threshold  of  operation 
will  be  approximately  1.0  psig  supply  pressure, which  should  occur 
at  approximately  20  percent  speed  during  engine  cranking.  At 
these  conditions,  the  sensor  error  due  to  pressure  sensitivity 
should  be  approximately  15  percent  of  the  final  steady-state  value. 
After  the  engine  has  fired  and  attained  approximately  40  percent 
,  the  sensor  operating  point  should  be  at  47  kHz  with  a  sensed 
temperature  error,  due  to  pressure  effects,  of  about  6  percent. 

At  50  percent  speed,  the  pressure  sensitivity  error  will  be 
reduced  to  about  Z  percent;  at  75  percent  N^,  the  error  will  be  down 
to  about  0,  1  percent.  These  errors  are  based  upon  ideal  frequency 
versus  supply  pressure  predictions,  and  do  not  reflect  possible 
errors  caused  by  supply-temperature  level  and  ambient  pressure 
changes. 

Signal  Error  Compensation 

A  method  of  signal  error  compensation  has  been  devised  which  will 
reestablish  steady-state  accuracy  in  a  cooled  fluid  oscillator.  The 
method  involves  measuring  the  cooling  air  temperature  at  a  suitable 
location  and  automatically  adding  a  correction  to  the  oscillator  out¬ 
put  based  on  this  measured  temperature.  Details  of  this  develop¬ 
ment  are  presently  under  study. 
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Turbine  Temperature  Averaging 


Before  a  temperature  control  system  would  be  accepted  to  replace 
the  present  mode  of  scheduled  acceleration  fuel,  it  mu»t  be  shown 
that  a  directly  measured  turbine  temperature  average  can  be  pro¬ 
vided.  Two  presently  known  methods  of  averaging  turbine  tempera¬ 
tures  are  multiple  unit  averaging  and  gas  averaging.  Both  methods 
will  be  discussed  in  this  section  and  the  salient  features  of  each 
will  be  presented. 

Multiple  unit  averaging  has  been  selected  for  incorporation  into 
the  proposed  control  system  simply  because  the  solutiors  to  the  gas 
averaging  problems  have  not  been  resolved  in  sufficient  depth.  The 
final  temperature  averaging  system  might  ultimately  incorporate 
features  from  both  of  these  approaches. 

A  study  was  performed  at  Avco  Lycoming  to  determine  the  charac¬ 
ter  of  the  engine  temperature  distribution  which  must  be  measured 
and  averaged.  Various  thermocouple  arrangements  were  installed 
at  the  tailpipe  location  of  T53  and  T55  engines,  and  a  total  of  144 
individual  temperature  readings  on  9  engine  models  were  taken. 
Following  these  tests,  statistical  analyses  developed  the  tempera¬ 
ture  distribution  that  could  be  expected  at  the  power  turbine  inlet 
(T7)  location  and  showed  the  average  T7  temperature  and  the 
deviation  from  this  average.  Nine  different  thermocouple  probe 
configurations  were  studied,  including  even  and  uneven  circumfer¬ 
ential  locations  at  3  different  radial  depths.  From  this  information, 
an  approximate  temperature  spread  could  be  determined  as  a  func¬ 
tion  of  the  number  of  evenly  spaced  probes.  These  data  were 
used  in  this  program  to  determine  the  number  of  fluidic  oscillators 
necessary  to  give  the  percentage  of  accuracy  required.  For  example, 
five  evenly  spaced  probes  in  the  system  can  be  expected  to  give  a 
temperature  variation  of  approximately  85°F,  and  twelve  evenly 
spaced  probes  can  be  expected  to  give  a  temperature  spread  of 
approximately  17°F.  The  temperature  distribution  and  spread  at 
the  initial  turbine  inlet  station  (T5)  are  expected  to  be  considerably 
greater  than  those  indicated  for  Ty.  The  radial  and  circumferential 
temperature  distributions  are  a  result  of  hot  spots  and  cold  spots 
that  develop  within  the  engine.  These  hot  and  cold  spots,  or 
isotherms,  are  characteristic  signatures  of  the  particular  engine; 
therefore,  their  locations  are  expected  to  vary  between  engine 
models  and  between  engines  of  the  same  model.  The  only  type  of 
analysis  that  could  possibly  predict  these  isotherms  is  a  statistical 
analysis  based  upon  past  performance. 
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Multiple  unit  averaging  of  temperature  is  defined  as  a  method 
whereby  a  number  of  sensors  are  placed  strategically  in  the  turbine 
region  of  the  engine  to  detect  both  the  circumferential  and  the  radial 
temperature  distributions.  Summation  of  the  individual  signals  and 
averaging  would  be  performed  after  the  temperature  is  transduced 
by  the  sensors.  This  method  of  averaging  is  proposed  for  the  ad¬ 
vanced  engine  control  because  it  currently  is  the  only  method  that 
can  be  expected  to  provide  the  degree  of  accuracy  necessary  for 
temperature  control. 

Eight  individual  temperature  sensors  are  proposed  at  eight  different 
evenly,  spaced  circumferential  locations.  This  arrangement  can  be 
expected  to  give  a  measured  temperature  average  at  T,.  within 
+30°F  of  the  calculated  average  temperature  at  design  point  condi¬ 
tions.  This  assumes  that  the  Tg  average  increases  50  percent  from 
station  Ty,where  the  measured  temperature  average  is  estimated  to 
be  within  4^20°F  of  the  calculated  average.  A  maximum  of  2500°F 
turbine  inlet  temperature  has  been  assumed  for  this  study;  therefore, 
the  measured  temperature  should  be  within  approximately  j+l .  2  per¬ 
cent  of  the  true  calculated  thermodynamic  average. 

Figure  86  shows  a  typical  multiple  unit  average  system,  with  each 
of  the  eight  sensors  having  the  same  circuitry.  The  pneumatic  fre¬ 
quency  generated  by  the  fluidic  oscillator  is  converted  by  the  Pitran 
transducer  into  an  electronic  frequency.  The  output  from  the  Pit¬ 
ran  circuit  is  amplified,  and  then  the  signal  is  converted  to  an 
analog,  dc  level  by  the  frequency-to-dc  converter.  An  optional 
noise  filter  has  been  shown  in  the  circuit,  but  the  need  for  signal 
filtering  has  not  been  resolved.  After  leaving  the  frequency-to- 
dc  converter,  the  signal  goes  through  a  preset  switch  that  eliminates 
a  failed  sensor  from  the  system  when  the  output  level  of  the  faulty 
sensor  falls  below  the  preset  value.  The  signal  then  goes  to  the 
summing  junction  and  averaging  system,  where  the  eight  signals  are 
compared  and  averaged.  The  output  of  this  system  then  would  be  a 
dc  voltage  which  is  a  function  of  the  measured  average  from  eight 
separate  fluidic  oscillators. 

Gas  averaging  of  temperature  involves  the  admittance  of  multiple 
gas  samples  from  various  locations  around  the  turbine  inlet  into  a 
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gas  manifold  duct,  as  shown  schematically  in  Figure  87,  These 
samples  then  mix  and  average  in  the  manifold  prior  to  sensing  by  a 
single  temperature  transducer.  Preliminary  studies  of  temperature 
control  systems  have  indicated  that  the  method  of  gas  averaging 
would  be  superior  to  the  method  of  multiple  unit  averaging  if  prob¬ 
lems  such  as  conduction  heat-loss  and  transient  temperature -lag 
could  ultimately  be  resolved.  The  final  gas  averaging  configuration, 
one  that  could  be  used  with  a  turbine  temperature  controller,  would 
be  a  sophisticated  system  that  would  incorporate  all  the  following 
features: 

1.  A  minimum  of  eight  sampling  points,  to  provide  an  accuracy 
of  the  average  sensed  temperature 

2.  Two  or  more  fluidic  temperature  sensors,  for  fail-safe 
protection 

3.  A  bypass  orifice  in  parallel  with  the  temperature  sensors  to 
increase  gas  flow  through  the  averaging  duct,  thereby  mini¬ 
mizing  conduction  heat  losses  in  the  duct  and  reducing  the 
averaging  system  transport  lag 

4.  A  minimum  duct-length  to  reduce  heat  loss  and  to  reduce  time 
delay 

The  applicable  heat  transfer  equations  used  in  the  study  of  gas 
averaging  are  presented  below. 

As  the  gas  flows  through  the  averaging  manifold,  some  of  its  heat 
is  transferred  to  the  duct  walls  because  of  the  difference  in  the 
temperature  between  the  gas  and  the  wall.  The  duct  walls  then 
conduct  the  heat  away  from  the  system  to  a  region  of  colder  tem¬ 
perature.  The  amount  of  heat  lost  by  the  gas  during  this  process 
can  be  found  from  the  equation 

q  =  ^  {Tavg  -  V  (14) 

where  h  =  the  heat  transfer  coefficient,  Btu/hr  -  ft^  -  °F 

2 

A  =  the  wetted  area  of  the  duct,  ft 
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the  average  temperature  of  the  gas  in  the  duct,  °F 

the  <  ct  inside  wall  temperature,  °F 

the  heat  transfer  from  the  gas  to  the  duct  wall, 
(Btu/hr) 


The  amount  of  heat  lost  by  the  gas  is  related  to  the  temperature 
drop  of  the  gas  as  it  flows  through  the  duct  by  the  formula 


where  W 


q  =  W  C  AT 

a  p  gas 

the  mass  flow  of  gas,  Ib/sec 


(15) 


the  specific  heat  of  the  gas  at  a  constant  pressure, 
(Btu/lb  -  °F) 


A  T  ^  =  the  temperature  drop  of  the  gas,  °F 

Substituting  equation  (14)  into  equation  (15)  and  solving  for  AT 
gives 


gas 


hA  (T  -  T  ) 

_ _ L 

W  C 
a  p 


(16) 


In  addition  to  the  equation  for  heat  transfer  from  the  gas  to  the 
duct  walls,  the  equations  for  heat  flow  through  the  duct  walls  must 
also  be  considered.  These  equations  are  derived  from  the  standard 
formula  for  conductive  heat  flow  through  a  flat  plate,  which  is 


q 


kaat 

l 

t 


(17) 


where  K  * 


the  heat  transfer  coefficient,  (Btu  -  ft/hr  -  ft 


2 


o 


F) 


q  =  the  amount  of  heat  transferred  per  unit  time,  Btu/hr 


79 


A  =  the  flat  plate  area,  ft 

=  the  plate  thickness,  It 

A  T  =  the  temperature  drop  across  the  plate  °F 

The  anticipated  gas  temperature  drop  can  be  estimated  by  assum¬ 
ing  a  typical  ducting  system  and  estimating  the  gas  flow  charac¬ 
teristics.  Assume  that  the  ducting  system  samples  gas  at  eight 
points  in  a  typical  5-pound-per-second  engine  and  that  a  total  of 
0.050  pound  per  second  (1.0  percent)  of  gas  can  be  sampled  with¬ 
out  overly  compromising  engine  efficiency.  Furthermore,  assume 
a  gas  velocity  of  50  feet  per  second  through  the  duct,  which  is 
approximately  the  velocity  necessary  for  adequate  respouse  during 
transients.  The  temperature  drop  of  the  gas  flowing  through  a 
1-inch  length  of  duct  is  approximately  5  percent  of  the  difference 
between  the  gas  temperature  and  the  duct  wall  temperature  at  de¬ 
sign  conditions,  i.  e.  ,  the  gas  will  change  temperature  at  the  rate 

of  0.05  (T  -  T.  )  per  inch  of  duct  length, 
avg  i 

Under  transient  and  steady- state  conditions,  the  temperature  drop 
of  the  gas  passing  through  the  duct  must  be  negligible  for  the  sensor 
to  read  an  accurate  tu-bine  inlet  temperature.  Therefore,  the  tem¬ 
perature  of  the  inside  of  the  duct  walls  should  be  as  close  to  the 
gas  temperature  as  possible.  This  can  be  accomplished  by  several 
methods:  (1)  the  outside  of  the  duct  can  be  insulated  from  the  am¬ 
bient,  (2)  the  duct  itself  can  be  made  out  of  an  insulating  ceramic, 

(3)  the  duct  can  be  placed  in  the  T5  region  of  the  engine  and  totally 
surrounded  by  turbine  inlet  gas,  or  (4)  the  duct  can  be  surrounded 
by  a  heat  pipe.  Each  of  these  methods  would  require  that  the  duct 
material  withstand  the  T5  temperature  for  extended  periods  of  time. 

Deliberate  cooling  of  the  gas  averaging  manifold  is  presently  under 
consideration.  If  duct  cooling  is  employed,  then  a  method  of  com¬ 
pensation  similar  to  signal  error  compensation  will  be  required. 

To  illustrate  the  need  for  compensation,  the  following  analysis 
will  show  the  magnitude  of  the  temperature  loss  when  the  averaging 
system  is  subjected  to  a  step  change  in  turbine  inlet  temperature 
(T5).  Assume  that  flow  through  a  6 -inch  length  of  duct  is  required 
to  average  temperatures  prior  to  sensing  by  the  temperature 
transducer.  During  the  transient,  the  gas  will  lose  5  percent  per 
inch  for  6  inches  or  30  percent  of  the  difference  between  T^  and 
Tj.  Hence,  the  temperature  that  the  sensor  will  experience  is 
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Tc  (sensed)  =  T_  -  0.  3  (Tc  -  T.) 

5  5  5  l 

=  r.  7  T_  +  0.  3  T. 

5  l 

During  a  typical  transient  such  as  engine  "light-off"  conditions, 
the  sensor  will  be  indicating  T5  gas  temperatures  that  are  several 
hundred  degrees  lower  than  the  actual  T5  temperatures.  Compen¬ 
sation,  therefore,  will  be  required  on  gas  averaging  systems  to 
prevent  overheat  conditions  in  the  engine  during  transient  operation 
and  to  reestablish  an  accurate  steady-state  value. 

A  test  model  was  made  to  verify  the  applicability  of  the  gas  averag¬ 
ing  equations.  The  model  had  the  dimensions  as  shown  in  Figure 
88  and  was  instrumented  with  thermocouples  at  the  duct  inlets, 
at  the  point  where  the  fluidic  oscillator  would  be  located,  and  at 
various  points  along  the  duct.  Hot  air  entered  the  duct  at  points 
A  and  B,  flowed  through  the  duct,  and  had  its  temperature  measured 
as  it  exited  from  the  system.  The  effect  of  artifically  cooling 
the  duct  walls  was  studied  to  see  if  a  correlation  existed  between 
average  T5  and  ambient  temperature.  Additional  preliminary 
studies  included  evaluation  of  the  effect  of  pressure  drop  across  the 
inlet  orifices  and  determination  of  the  accuracy  of  the  sensed  average 
temperature. 

It  was  found  that  a  definite  correlation  existed  between  T^,  duct 
wall  temperature,  and  sensor  inlet  temperature  or  averaged  T^ 
as  predicted  by  the  equations,  and  that  this  system  could  average 
multiple  gas  inputs  accurately.  These  equations  can  now  be  used 
to  design  a  full-size  prototype  gas  averaging  system  for  the  study  of 
compensation  schemes. 

Pneumatic -To-Electrical  Conversion 


The  fluidic  oscillator  output  must  be  converted  to  an  electrical 
signal  for  use  with  the  electronic  control.  Two  types  of  pressure 
transducers  have  been  successfully  evaluated  in  this  application 
and  are  described  in  the  following  paragraphs. 
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The  Pitran  transducer  is  a  pressure -sensitive  silicon  transistor  in 
which  the  emitter-base  junction  is  mechanically  coupled  to  a  dia¬ 
phragm  located  in  the  top  of  the  standard  transistor  can.  A  force 
or  pressure  acting  on  the  diaphragm  produces  a  large,  reversible 
change  in  the  characteristics  of  the  transistor.  The  Pitran  output 
is  a  linear  voltage  which  is  approximately  20  percent  of  the  supply 
voltage  for  input  power  levels  from  1  to  50  volts. 

A  circuit  diagram  of  the  Pitran  system  evaluated  at  Avco  Lycoming 
is  shown  in  Figure  89.  This  circuit  had  been  modified  from  that 
suggested  by  the  manufacturer  to  reduce  the  low-frequency  (steady- 
state)  drift  and  to  incorporate  a  simple  electrical  noise  filter.  The 
Pitran  transducer  was  evaluated  during  a  50-hour  bench  test  while 
mated  with  a  fluidic  oscillator;  satisfactory  dynamic  performance 
was  achieved. 

The  present  units  are  recommended  for  a  temperature  range  of  -40° 
to  +175°F,  which  is  not  sufficient  for  engine  installation.  The  manu¬ 
facturer.  however,  has  indicated  that  proper  design  could  extend 
this  range  to  -65°  through  +275°F. 

A  Kistler  transducer  system  has  been  used  for  most  of  the  develop¬ 
ment  work  performed  with  the  fluidic  oscillators.  The  Kistler  quartz 
pressure  transducer  is  a  dynamic  electrostatic  or  piezoelectric 
device  that  requires  a  charge  amplifier  with  each  system.  The 
Kistler  system  is  excellent  for  laboratory  instrumentation  but  is 
too  expensive  to  use  as  a  prime  element  in  the  temperature  control 
subsystem. 

Fluidic  Oscillator  Subsystem  Evaluation 

Based  upon  the  experience  gained  from  this  study  and  the  experimen¬ 
tal  work  that  supported  it,  control  of  turbine  inlet  temperatures  by 
the  direct  measurement  of  this  parameter  appears  to  be  feasible. 
Considerable  development  work  remains  to  be  per  ormed  both  with 
the  sensors  and  with  the  averaging  system.  These  two  areas  are 
considered  to  be  of  high  risk  because  of  the  high  operating  tempera¬ 
tures  of  the  sensors  and  the  complex  averaging  system  required  to 
deliver  an  accurate  signal  to  the  control  loop. 
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Fluidic  Thermistor  Temperature  Sensor 


The  fluidic  thermistor  was  originally  proposed  as  an  alternate 
method  of  sensing  turbine  gas  temperature.  A  prototype  unit  has 
been  developed  for  Lycoming  by  the  Avco/Space  Systems  Division. 
This  section  describes  the  operation  of  the  fluidic  thermistor  and 
discusses  the  results  of  thermistor  response-testing  performed  on 
an  Avco  Lycoming  T55  engine. 

A  schematic  representation  of  the  fluidic  thermistor  system  is 
shown  in  Figure  90.  The  thermistor  is  a  laminar  orifice  or  flow 
tube,  made  from  310  stainless  steel,  which  is  0.66  inch  in  length, 
has  an  inside  diameter  of  0.016  inch,  and  has  a  wall  thickness  of 
0.004  inch.  The  thermistor  is  used  as  one  leg  of  a  bridge  network 
with  a  standard  proportional  fluid  amplifier  as  the  active  element. 
The  amplifier  is  initially  balanced  by  means  of  a  sharp-edge  orifice 
in  the  second  leg.  The  resistance-to-flow  as  a  function  of  gas  tem¬ 
perature  through  these  two  orifices  follows  different  operating  equa¬ 
tions.  Therefore,  as  the  gas  temperature  increases,  the  across 
the  output  of  the  proportional  fluid  amplifier  increases.  It  is  then 
only  necessary  to  rapidly  change  the  gas  temperature  on  the  inside 
of  the  thermistor  as  a  function  of  the  gas  temperature  on  the  outside. 
This  is  accomplished  by  making  the  tube  wall  extremely  thin. 

The  prototype  sensor  was  tested  in  the  exhaust  duct  of  the  gas  pro¬ 
ducer  of  an  Avco  Lycoming  T55-L-7  engine  and  was  exposed  to 
maximum  temperatures  of  about  1200  F  for  eight  hours.  This  test¬ 
ing  determined  the  response  time  of  the  thermistor  when  subjected 
to  transient  gas  temperature.  The  results  indicated  a  time  con¬ 
stant  of  between  0.08  and  0.2  second,  depending  on  mass  flow  past 
the  sensor.  This  response  time  is  presently  considered  too  slow 
for  acceleration/deceleration  temperature  control  but  might  be 
improved  through  additional  development  work. 
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FUEL  FLOW  SENSOR 


General 

The  control  mode  analysis  showed  that  a  fuel  flow  feedbac  inner  control 
loop  might  be  required  for  engine  starting.  To  achieve  feedback  in  Fuel 
Metering  System  No.  2,  an  electrical  flow  sensor  is  required  as  the  feed¬ 
back  element.  Consequently,  a  survey  of  available  flow  sensors  was 
made, and  the  more  promising  ones  were  investigated  to  establish  the 
following  criteria: 

1.  Dynamic  response  characteristics 

2.  Accuracy,  including  temperature,  pressure,  and  viscosity  effects 

3.  Tolerance  to  fuel  types  and  contaminants 

4.  Reliability  and  service  life 

5.  Compatibility  with  electronic  computer  design 

6.  Cost  and  weight 
Configuration  Requirements 

The  following  configuration  requirements  were  included  in  a  preliminary 
specification  that  was  submitted  to  manufacturers  of  flow  sensors: 

Apparent  Time-Constant  (sec)  <  0.005 

Accuracy  of  Mass-Flow  Measurement  +2.  5 

(Percent  of  Reading) 

Flow  Range  (lb/hour)  20  to  500 

Service  Life  Without  Recalibration  (hr)  3000  minimum 

Electrical  Output  Analog  voltage  or 

frequency 

Electric  Power  Consumption  (watts)  <3.0 

Maximum  Weight  (lb)  0.25 
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The  fuel  flow  sensor  must  be  compatible  with  all  types  of  fuel  and  con¬ 
taminants  specified  for  use  in  the  Fuel  Metering  System  No.  2  and  must 
withstand  the  same  environmental  conditions. 

Types  of  Flow  Sensors 

Initially,  a  fluidic  oscillator  sensor  was  selected  for  investigation. 

The  unit,  based  on  the  Vonnegut  Whistle  principle,  creates  a  rotating 
oscillation  in  the  fluid.  The  frequency  of  oscillation,  detected  by  a 
suitable  transducer,  is  proportional  to  volume  flow  rate.  Large-flow- 
capacity  units  have  been  built  for  industrial  applications,  and  in  theory, 
the  principle  should  be  applicable  to  smaller  units.  Detailed  investiga¬ 
tion  of  the  sensor,  however,  showed  it  to  be  impractical,  the  main  prob¬ 
lem  being  the  interface  transducer.  Pressure  sensors  do  not  provide 
an  adequate  signal- to- noise  ratio,  and  thermistors  are  used  in  the 
larger  units  to  detect  fluctuations  in  total  energy  level.  In  a  smaller 
unit,  the  frequency  has  to  be  higher  and  no  thermistor  can  respond 
adequately.  Also,  the  accuracy  and  range  of  the  smaller  units  are 
questionable.  These  factors,  combined  with  its  insensitivity  to  density, 
proved  the  fluidic  oscillator  sensor  to  be  unsuited  for  this  application. 

Other  devices  investigated  were  turbine  flow  meters,  orifice  pressure- 
drop  units,  the  magnetic- resonance  flow  meter,  and  a  heat-transfer 
anomometer  device.  Volume-flow  devices  were  considered  because 
their  simplicity  and  ruggedness  might  outweigh  the  loss  of  mass-flow 
reading  accuracy.  The  turbine  meter  can  provide  adequate  response 
but  is  difficult  to  make  contaminant-resistant,  while  orifice  pressure- 
drop  devices  cannot  provide  the  required  accuracy  over  the  20:1  flow 
range.  The  magnetic  resonance  flow-meter,  would  meet  the  response, 
accuracy,  range,  and  service  life  requirements,  but  the  size  of  the 
sensor  and  complexity  of  the  electronics  are  unacceptable. 

A  mass-flow  sensor  has  been  selected  which  appears  to  be  capable  of 
meeting  all  specified  requirements.  Described  below  is  the  proposed 
fuel  flow  sensor. 


Fuel  Flow  Sensor  Description 

The  flow  sensor  is  a  hot-film,  anemometer  device  which  is  capable 
of  compensating  for  fuel  temperature,  thus  providing  an  output  voltage 


85 


proportional  to  mass -fuel  flow.  The  sensor  element  consists  of  two 
film  elements  that  are  deposited  on  a  ceramic  cone.  Protection  against 
film  erosion  may  be  provided  by  a  thin  overlay  of  quartz.  The  support 
cone  is  located  in  the  aluminum  sensor  housing  together  with  a  tempera¬ 
ture-sensing  resistance  element.  Associated  electronic  circuitry  is 
included  in  the  control  computer  package. 

The  resistance  films  form  two  elements  of  a  four -element  bridge,  a 
fixed  current  ratio  being  maintained  in  the  films.  It  can  be  shown  by 
conventional  anemometer  theory  that  a  voltage  output  proportional  to 
mass  flow  can  be  obtained.  The  principle  has  been  demonstrated  in 
commercially  available  units  that  measure  gas  and  liquid  flows.  The 
requirements  and  limitations  of  this  application,  however,  will  require 
the  development  of  a  specialized  unit. 

Fuel  Flow  Sensor  Evaluation 


The  requirements  for  a  rugged,  accurate,  fast -response  fuel  flow  sen¬ 
sor  were  met  by  the  mass -flow  sensor  described  above.  The  best  alter¬ 
native  would  be  a  turbine  flow-meter  that  is  tolerant  of  contaminants. 

SPEED  SENSOR 

Magnetic  reluctance  type  pickups  will  be  used  to  provide  engine  shaft 
speed  signals  to  the  control  computer.  The  unit  selected  is  a  miniature 
pickup  approximately  1,0  inch  long  and  0.  3  inch  in  diameter. 

These  devices  are  extremely  rugged  and  are  not  subject  to  deterioration 
or  wear.  Similar  pickups  are  being  used  successfully  by  Avco  Lycom¬ 
ing  in  other  applications. 
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INTERFACE  DEVICES 


GENERAL 


The  following  electromechanical  interface  devices  were  studied: 

1.  Rotary  actuator  for  the  multiple  Junction  fuel  valve  of  Fuel 
Metering  System  No.  1 

2.  Rotary  actuator  for  VSD  ratio  control  in  Fuel  Metering  System 
No.  2 

3.  A  proportional  electrohydraulic  servo  system  for  positioning 
of  engine  variable-geometry  systems 

4.  A  two-position  electropneumatic  actuator  for  engine  variable- 
geometry  control 


Each  application  was  studied  to  determine  response,  accuracy,  and  power 
requirements  for  its  interface  device.  Environmental  conditions, 
service  life,  and  reliability  requirements  were  assumed  to  be  the  same 
as  for  the  'ael  metering  system.  Devices  were  selected  to  meet  the 
specified  requirements  with  minimum  power  consumption  and  weight. 

MULTIPLE  -  FUNCTION  FUEL  VALVE  ACTUATOR 


The  multiple- function  valve  actuator  is  part  of  an  accurate,  fast-response 
servo  system  that  is  continuously  modulated  by  the  engine  control 
computer.  Basic  design  requirements  were- 


1. 

Angular  stroke 

24  degrees 

2. 

Resolution 

_+  0,  20  degrees 

3. 

Maximum  slew  rate 

6  rads /sec  with 

J.  5  in.  -lb  load 

4. 

Maximum  acceleration  with  load 

300  rads/sec^ 

5. 

Mechanical  system  time-constant 

0. 030  sec 

6. 

Stall  torque 

1.0  in.  -lb 

7. 

Duty  cycle 

Continuous  modulation 
with  instant  reversals 
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The  estimated  friction  torque  of  the  load  was  0.45  in. -lb  and  the  load 
inertia  was  0.015  lb-in  .  A  specification  describing  these  requirements 
was  submitted  to  several  motor  manufacturers.  Following  discussions 
with  the  manufacturers,  it  was  concluded  that  a  dc  motor  with  integral 
reduction  gears  would  be  the  most  suitable  device.  A  unit  featuring  a 
split  series -wound  field  motor  with  a  planetary  gear  train  was  incor¬ 
porated  in  the  Fuel  Metering  System  No.  1  design  (See  Figure  63). 

The  use  of  a  wound  field  enables  the  motor  to  be  reversed  instantan¬ 
eously,  whereas  a  permanent  magnet  field  may  be  demagnetized 
by  rapid  reversal  of  current.  The  split  winding  of  the  field  simplifies 
the  motor- driver  circuits  in  the  control  computer  by  eliminating  the 
need  for  switching  logic  for  motor  reversal.  The  motor  operates  on  1  8 
volts  dc  with  a  maximum  power  consumption  of  1  5  watts.  The  esti¬ 
mated  weight  of  motor  and  gearbox  is  0,6  pound. 

VSD  RATIO  CONTROL  ACTUATOR 

Ratio  control  actuator  requirements  were: 


1. 

Angular  stroke 

90  degrees 

2. 

Resolution 

+  0.  4  degrees 

3. 

Maximum  slew  rate 

25  rads  / sec  with 

0,75  in.  -lb  load 

4. 

Mechanical  system  time  constant 

0.  03  sec 

5. 

Maximum  continuous  torque 

1 . 0  lb- in. 

6. 

Duty  cycle 

continuous  modulation  with 

instantaneous  reversals 

Estimated  frictional  torque  at  the  load  was  0.  3  lb-in.  ,  and  predicted 
load  inertia  was  0.  012  lb-in.  2.  Following  discussions  with  motor  man¬ 
ufacturers,  two  devices  were  considered  for  the  application:  (1)  a  dc 
servo  motor  with  reduction  gearbox  and  (2)  a  brushless  dc  torque 
motor.  The  cost,  weight,  and  power  consumption  of  the  units  are 
similar,  and  both  can  meet  the  specified  performance.  The  brushless 
tcrque  motor,  however,  offers  the  possibility  of  a  10,000-hour  service 
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life  and  does  not  require  a  gearbox  or  slip  clutch.  Installations  of  both 
devices  were  studied,and  the  torque  motor  envelope  was  found  to  fit  in 
the  package  configuration  more  conveniently.  Consequently,  the  torque 
motor  was  selected  for  use  in  the  proposed  system. 

A  suitable  torque  motor  unit  was  selected  and  is  included  in  Fuel  Meter¬ 
ing  System  No.  2  (Figure  75),  The  torque  motor  has  a  permanent  mag¬ 
net  rotor  and  toroidal  field  windings.  Maximum  torque  is  obtained  at 
18  volts  with  a  power  consumption  of  20  watts.  The  motor  will  be 
designed  to  retain  its  instantaneous  position  in  the  event  of  a  system 
power  failure,  insuring  that  a  hardover  failure  condition  can  not  occur  in 
the  fuel  metering  system. 


PROPORTIONAL  ELECTROHYDRAULIC  SERVO  ACTUATOR  FOR 
ENGINE  VARIABLE-GEOMETRY  CONTROL 


In  order  to  define  the  requirements  of  an  interface  device  for  variable - 
geometry  systems,  a  specific  actuator  was  studied.  The  following 
assumptions  were  made  for  the  system: 


1. 

Maximum  actuator  load 

+  30  lb 

2. 

Linear  stroke 

0.75  in. 

3. 

Maximum  slew  rate 

3.  0  in. /sec 

4. 

System  time  constant 

less  than  0.  05  sec 

5. 

Working  medium 

engine  fuel 

6. 

Available  fuel  pressure  drop 
over  operating  range 

300  to  700  psi 

To  meet  these  requirements,  it  was  assumed  that  a  differential  area 
actuator  would  be  used  in  conjunction  with  a  proportional  solenoid  valve 
and  that  electrical  position  feedback  would  be  used  to  close  the  servo 
loop.  The  system  is  shown  schematically  in  Figure  91  .  To  obtain 
the  specified  performance,  an  actuator  with  the  following  dimensions 
is  required: 


Cylinder  and  piotrn  diameter 

c 

o 

No<l  diameter 

0.  47  in 

Diameter  of  orifice  in  piston 

0.0’S  m. 

Effective  orifice  diameter  of  pro¬ 
portional  flow  control  valve  whrn 
fully  open 

0.0SS  in. 

The  maximum  fuel  flow  consumed  by  the  lyitcm  would  be  0.  IS  gpm. 

A  proportional  solenoid  valve  for  this  •  y •  t r m  would  require  *  maxi¬ 
mum  current  of  0.  2  ampere  at  28  volt*. 

The  valve  consists  of  a  pressure- balanced  poppet  valve  positioned  by 
the  force  from  a  solenoid.  The  solenoid  armature  is  flexibly  connected 
to  the  valve  and  is  spring-loaded  to  the  closed  position.  Dy  careful 
design  of  the  solenoid  coil,  armature,  and  valve,  the  restriction  to  flow 
can  be  made  linear  with  current.  Hysteresis  and  linearity  deviation 
typically  reach  ^  5  percent  of  the  nominal  level,  which  is  satisfactory 
for  this  closed-loop  type  of  application.  The  contaminant  resistance  of 
the  valve  is  acceptable  due  to  the  lack  of  close  clearances  and  the  in¬ 
herent  tolerance  of  the  poppet  valve.  However,  the  system  may  be  pro¬ 
tected  against  fuel  contaminants  by  a  wash-flow  filter  element  at  the 
fuel  pump  discharge  to  insure  maximum  operational  life  and  reliability. 

A  similar  valve  assembly  designed  for  higher  flow  rates  has  been  tested 
by  the  contractor  as  part  of  an  experimental  servo  system  Despite 
relatively  high  valve  hysteresis  and  poor  linearity,  system  performance 
was  satisfactory  for  the  intended  applications  No  electronic  compensa¬ 
tion  or  "dither"  was  required  to  achieve  the  required  accuracy,  re¬ 
sponse,  or  stability  in  the  demonstration  system 

TWO-POSITION  ELECTROPNEUMATIC  ACTUATOR 


A  two-position  pneumatic  actuator  is  often  req  :ired  to  control  the 
operation  of  a  compressor  interstage  bleed  valve.  In  an  electronic 
engine  control  system,  the  actuator  would  be  controlled  by  a  solenoid- 
operated  pilot  valve;  and  for  fail-safe  engine  operation,  the  solenoid 
would  be  energized  when  the  bleed  valve  was  open.  The  bleed  valve 
would  have  to  open,  however,  for  engine  starting  when  there  is  no 
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electrical  powar  available  to  energize  the  solenoid- ope  rated  pilot 
valve.  Consequently,  the  system  hss  to  keep  the  bleed  open  until 
sufficient  electrical  power  is  available  for  solenoid  operation.  This 
is  achieved  by  using  an  actuator  as  shown  in  Figure  92,  which  changes 
the  logic  from  bleed  normally- open  to  normally- closed  when  the  supply 
air  pressure  from  engine  compressor  discharge  reaches  a  preset  level. 
This  level  would  cause  the  pressure-drop  across  the  control  plunger 
orifice  to  move  the  plunger  against  its  spring.  When  the  solenoid  pilot 
valve  is  energized  to  the  closed  position,  pressures  on  either  side  of 
the  control  plunger  are  equalized,  allowing  the  spring  to  move  it  back 
to  the  bleed-open  position. 

Assumed  actuator  requirements  were: 

Maximum  force  +  20  lb,-2  lb 

Stroke  1 . 0  in. 

Operating  time  0.025  sec 

Available  air  pressure  drop  50  to  220  psi 

On  the  basis  of  these  requirements,  it  was  determined  that  the  actuator 
cylinder  diameter  should  be  0.8  inch  and  that  the  effective  orifice  diam¬ 
eter  of  the  control  valve  seat  should  be  0. 18  inch.  The  pilot  valve 
seat  diameter  will  be  0.040  inch,  requiring  a  minimum  solenoid  force 
of  5.0  ounces.  The  solenoid  will  require  0.25  ampere  at  28  volts. 


SYSTEM  WEIGHT  AND  COST 


Estimates  of  the  weight  and  cost  for  the  various 

i  possible  configurations 

of  the  two  fuel  metering  systems  and  miscellaneous  components  studied 
are  tabulated  below.  The  cost  figures  are  based  on  manufacturing  costs 

in  quantities  of  1000  units  at  a  delivery  rate  of  ' 
and  profit  have  not  been  included. 

100  per  month. 

G  &  A 

Fuel  Metering  System  No. 

1 

Analog  Computer 

Weight  (lb) 

Cost  ($) 

Electronic  Control  Computer  (Analog) 

1.  60 

21  52 

Fuel  Pump  Assembly 

1.  85 

596 

Multiple- Function  Valve 

0.  90 

572 

Servomotor 

0.  70 

75 

Valve  Position  Transducer 

0.  40 

50 

Power  Lever  and  Position  Transducer 

0.  80 

110 

Fuel  Dump  Valve 

0.  25 

63 

Fuel  System  Housing 

0.  85 

452 

Total 

7.  35 

4070 

Digital  Computer 

Substitute  for  Analog  Computer  above: 
Electronic  Control  Computer  (Digital) 

1.  35 

3970 

Total 

7.  10 

"888 

Manual  Metering  System 

If  required,  add  to  either  of  the  above  totals: 

1. 45 

235 

Fuel  Metering  System  No. 

2 

Analog  Computer 

Weight  (lb) 

Cost  ($) 

Electronic  Control  Computer  (Analog) 

1. 60 

2152 

Variable  Speed  Drive  (VSD) 

1.  % 

1050 

Centrifugal  Fuel  Pump 

1.  30 

175 

VSD  Control  Torque  Motor 

0.  60 

75 

Power  Lever  and  Shutoff  Valve  Assembly 

0.  80 

150 

Fuel  Flow  Sensor 

0.  30 

135 

Total 

6.  50 

3737 
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Digital  Computer  Weight  (lb)  Cost  ($) 

Substitute  for  Analog  Computer  above: 

Electronic  Control  Computer  (Digital)  1.  35  3970 

Total  6.  25  5555 

Manual  Metering  System 

If  required,  add  to  either  of  the  totals  above:  0.75  95 

Miscellaneous 

Sensors  Weight  Cost  ($) 

8  Fluidic  Oscillators  with 

Pressure  Transducers  1.2  600 

3  Speed  Sensors  0.  3  45 

Variable-Geometry  Components 
(as  required) 

Hydraulic  Actuator  with  Proportional  Solenoid  1.15  138 

Position  Feedback  Transducer  0.  32  62 

Pneumatic  Actuator  and  Solenoid  Valve  0.95  116 


Each  of  the  possible  systems  configurations  tabulated  above  offers  sub¬ 
stantial  reduction  in  weight  when  compared  with  present-day  systems. 
Depending,  of  course,  upon  the  selected  configuration,  the  weights  of 
complete  control  systems,  including  fuel  pump,  range  from  6  to  9  pounds. 

Fuel  Metering  System  No.  2  has  relatively  small  (10  percent)  weight  and 
cost  advantages  over  Fuel  Metering  System  No.  1.  These  particular 
advantages,  therefore,  would  not  be  a  dominant  factor  in  system  selec¬ 
tion. 

The  digital  electronic  control  computer  is  slightly  lighter  (0.  25  lb)  but 
is  appreciably  more  expensive  ($1818)  than  the  analog  electronic  control 
computer.  The  estimates  of  weight  and  cost,  however,  ?.e  based  upon 
current  technology,  and  the  potential  for  reduction  in  the  future  heavily 
favors  the  digital  version  of  the  computer. 
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TECHNICAL  RISK 


When  considering  technical  risk,  the  degree  of  risk  pertinent  to  devel¬ 
opment  lead  time  must  be  judged.  All  elements  of  the  proposed  control 
system  are  considered  to  be  within  reasonable  reach  of  today's  technology 
when  considering  a  5-  to  7-year  development  cycle. 

The  highest  risk  areas  are  defined  below  in  order  of  their  magnitude: 

The  fluidic  oscillator  temperature  sensor,  although  highly  promising, 
requires  considerable  development  work  in  three  areas:  first,  devel¬ 
opment  of  durability  and  reliability  of  the  sensor  hardware  at  the  very 
high  operating  temperatures  of  the  newer  engines;  second,  establish¬ 
ment  of  an  accurate  engine  temperature  averaging  technique  without 
undue  hardware  complexity;  and  third,  lowering  of  the  sensor's  operating 
threshold  pressure  to  permit  the  sensor  to  close  the  loop  on  starting  fuel 
flow. 

The  digital  electronic  computer  implementation  requires  extensive  effort 
because  of  the  newness  of  thfe  technology  and  the  need  to  establish  prime 
reliability  in  an  engine  environment. 

The  variable-speed  drive,  the  key  element  of  the  recommended  fuel 
system,  presently  enjoys  a  high  level  of  development.  However,  opera¬ 
tion  at  60,  000  RPM  and  above,  although  theoretically  feasible,  has  not 
yet  been  accomplished.  Therefore,  the  VS D  must  still  be  considered 
an  element  of  risk. 


CONCLUSIONS  AND  RECOMMENDATIONS 


Within  the  scope  of  this  study,  the  technical  feasibility  of  the  proposed 
advanced  control  system  has  been  demonstrated.  Practical  logic  and 
a/namic  criteria  for  the  closed-loop  Tg  control  mode  selected  for  this 
study  have  been  established.  The  problems  associated  with  the  fluidic 
oscillator  temperature  sensor  appear  to  be  soluble.  Turbine  inlet  tem¬ 
perature  averaging  remains  as  one  of  the  most  difficult  problems. 

Each  of  four  possible  combinations  of  computation  and  fuel  metering  sys¬ 
tems  studied  offers  substantial  reduction  in  weight  and  size  while  still 
achieving  technical  and  performance  objectives.  The  four  combinations 
evolved  from  choices  between  analog  and  digital  electronic  computation 
and  between  two  novel  fuel  metering  systems.  Inevitably,  the  choices 
offering  the  most  technical  advantages  also  incur  the  greatest  technical 
risk.  Selection,  therefore,  must  be  based  upor  a  balance  of  factors  in¬ 
cluding,  where  necessary,  a  prediction  as  to  the  future  course  of  a  tech¬ 
nology. 

It  is  recommended  that  the  digital  electronic  computer  be  selected  in 
preference  to  the  analog  computer.  Although  the  digital  technology  is 
newer  and  costs  are  currently  higher,  it  offers  greater  accuracy,  func¬ 
tion  flexibility,  and  smaller  size.  More  important,  it  is  felt  that  digital 
microelectronic  fabrication  is  coming  of  age,  and  future  advancements 
in  microcircuit  technology  will  heavily  favor  the  digital  approach.  Order- 
of-magnitude  improvements  are  anticipated  in  size,  cost,and  reliability 
within  a  4-  to  5-year  period. 

It  is  recommended  that  Fuel  Metering  System  No.  2  (VSD/centrifugal 
pump)  be  selected  over  the  more  conventional  System  No.  1.  The  centrif¬ 
ugal  pump  approach,  in  addition  to  weight  and  cost  advantages,  provides 
several  significant  system  advantages.  It  is  felt  that  the  advantages 
provided  by  this  novel  approach  fully  justify  the  degree  of  increased 
technical  risk. 
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DIMENSIONLESS  ENGINE  GAINS  AT  DESIGN  CONDITIONS'!' 


14:1 


TABLE  II.  OPTIMUM  CONTROL  GAINS  AND  SENSOR  TIME 

CONSTANTS  AT  THREE  ENGINE  POWER  CONDITIONS 


Gains  or 

Time  Constants 

100%  Nh 

90%  Nh 

80%  Nh 

Kt5  (%Wf/%T5) 

3.  0 

2.  5 

1.  5 

Kt5meas.  (%Wf/%T5) 

1.  0 

1.  0 

1.  0 

KU5  (%Wf/%T5/sec) 

7.  0 

5.  0 

3.  0 

T  t5( sec) 

0.  01 

0.  01 

0.  01 

Knh  (%Wf/%Nh) 

8.  0 

6.  0 

4.  0 

Tnh  (sec) 

0.  01 

0.  01 

0.  01 

Kinh(%Wf/%Nh/sec) 

40.  0 

30.  0 

20.  0 

Knl  (%Wf/%N!) 

5.  0 

4.  0 

3.  0 

Tnl  (sec) 

0.  01 

0.  01 

0.  01 

Kinl  (7<  W  f/%N  !  /  sec) 

15.  0 

12.  0 

9.  0 

Kp  (%Wf/%Np) 

3.  0 

3.  0 

3.  0 

Tp  (sec) 

0.  2 

0.  2 

0.  2 

Kip  (%Wf/%Np/sec) 

6.  0 

5.  0 

3.  5 

Kqld  (%Wf/%Q) 

2.  5 

2.  5 

2.  5 

Tqld  (sec) 

0.  3 

0.  3 

0.  3 
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TABLE  VII.  RELIABILITY  APPORTIONMENT  VERSUS  PREDICTION  STUDY 

FOR  THE  ANALOG  RELIABILITY  BLOCK  DIAGRAM 

Analog 

Block 

Analog 

Circuit 

Failure  Rate 

Circuit 

Failure  Rate 

Diagram 

System 

Apportionment 

Prediction 

Doaigaatlon 

Function 

(Failures  per  10°  hours) 

(Failures  per  10°  hours) 

A 

N.  Actual 
n 

0.  8 

.618 

B 

Accel  Limit  Function  Generator 

1.  S 

1.451 

C 

Accal  Limit  Amplifier 

0.  6 

.476 

D 

Temperature  Multiplier 

2.  5 

2.677 

E 

N.  Select 
n 

2.6 

2.077 

F 

Temperature  Amplifier 

0.6 

.  507 

C 

Decel  Limit  Function  Generator 

0.6 

.  562 

H 

N  Select 

4.0 

3.  330 

J 

P 

N,  Expand 
n 

0.8 

.487 

K 

Airbleed  Trigger  Control 

2.6 

2.  345 

L 

Inlet  Guide  Vane  Circuit 

1.2 

1.026 

M 

Temperature  Bias 

0.8 

1.073 

N 

Authority  Circuit 

1.  0 

.250 

P 

Flow  Element  Amplifier 

3.  0 

2.819 

O 

Nj  Measuring  Circuit 

1.6 

1.864 

R 

Power  Supply 

6.0 

22.863 

S 

Torque  Amplifier  Circuit 

1.0 

.902 

T 

T^  Measuring  Circu.t 

1.  6 

2.  585 

U 

Wiring  and  Connections 

0.5 

.  585 

Failure  Rata  (Total): 

33.  3 

48.63 

MTBF: 

_ _ Hours 

30,  030  -=-t: - 

Failures 

20.  563 

Failures 
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TABLE  Vm.  RELIABILITY  APPORTIONMENT  VERSUS  PREDICTION  STUDY  FOR  THE 
DIGITAL  RELIABILITY  BLOCK  DIAGRAM 


Digital 

Block 

Diagram 

Designation 

Digital 

System 

Function 

Circuit 

Failure  Rate 
Apportionment  * 
(Failures  per  10  hours) 

Circuit 

Failure  Rate 

Prediction  ^ 

(Failures  per  10  hours) 

A 

Signal  Conditioner  (N  ,  N  ,  N  ) 
nip 

2.260 

7.2 

B 

Signal  Conditioner  (B) 

0.  575 

1.6 

C 

Select  (Limit)  (N.  It  N  ) 
h  p 

1.  145 

3.2 

D 

Load  Sharing  (Q^  &  Q^' 

1.  145 

3.2 

E 

Signal  Conditioner  (N^,  O^,  T^) 

1.720 

4.8 

F 

Signal  Conditioner  (T^  fc  W^.) 

1.  146 

20.0 

G 

Signal  Conditioner  (T^) 

0.  575 

2.0 

H 

Function  Generator 

1.  585 

6.4 

J 

Operational  Amplifiers 

1.  145 

5.2 

K 

Summing  Point 

6.735 

11.2 

L 

Least  Voter 

0.895 

3.2 

M 

Most  Voter 

0.750 

2.4 

N 

Integrator 

4.010 

28.8 

O 

Limiter 

1.445 

2.4 

P 

Low  Limiter 

0.485 

0.8 

Q 

Proportional-Variable  Gain 

0.615 

1.2 

R 

Comparator  (Hysteresis) 

0.750 

2.4 

s 

Wiring  and  Connections 

0.350 

3.445 

T 

Power  Supply 

6.0 

22.863 

Failure  Rate  (Total): 

33.  331 

132. 308 

MTBF: 

..  Hours 

30. 002  — - - 

Failures 

7.  558  ”0"” 

Failures 
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Plus  Np  Control  at  100%  Power. 
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100"*  Power 


Figure  9.  MIMIC  Representation  -  Engine  and  Load 


Figure  10.  MIMIC  Representation  -  Control  Computer. 
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Figure  11.  MIMIC  Representation  -  Fuel  Metering  System  No. 
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Figure  13.  System  Response  to  1.0-Second  Ramp  in  Collective 
Pitch  -  Zero  to  50%  Load  (Turboshaft  Engine). 
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Figure  15.  System  Response  to  1.0-Second  Ramp  in  Collective 
Pitch  -  50%  to  100%  Load  (Turboshaft  Engine). 
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Figure  16.  T5  Response  to  1.0-Second  Ramp  in  Collective  Pitch  -  50%  to  100%  Load 
(Turboshaft  Engine). 


Figure  17.  System  Response  to  l.0«Second  Ramp  in  Collective 
Pitch  -  Zero  to  1 00 ^  Load  CTurboshaft  Fnginel. 
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Figure  18.  Response  to  1.0-Second  Ramp  in  Collective  Pitch  -  Zero  to  100% 
I-  '  (Turboshaft  Engine). 
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Figure  19.  System  Response  to  0.3-Second  Ramp  Select  From 
Flight  Idle  to  Takeoff  Power  (Turboprop  Engine). 
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Figure  20.  T5  Response  to  0.3-Second  Ramp  Njj  Select  From  Flight  Idle 
to  Takeoff  Power  (Turboprop  Engine). 
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Figure  23.  Turbine  Inlet  Temperature  Averaging  Circuit  (Analog). 
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Figure  26.  Power  Turbine  Torqu 


Figure  27.  Acceleration  and  Deceleration  Limit  Circuit  (Analog). 
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Figure  28.  Control  Mode  Selector  Circuit  (Analog). 
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Figure  29,  Integrator  Circuit  (Analog). 
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Figure  30 
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Figure  31.  Acceleration  and  Deceleration  Limit  Generator  Circuit 
(Analog). 
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Figure  34.  Automatic  Starting  System  Circuit  (Analog). 
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Figure  36.  Symbol,  for  Digital  Incremental  Computer  Element.. 
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Figure  38.  Analog-to-Digital  Converter 


Figure  40.  Control  Mode  Selector  (Digital). 
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Figure  41.  Integrator  (Digit*!). 
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Figure  45.  Digital  Computer  Assembly. 
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Figure  46.  TO-8  Round  Packag 
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Figure  49.  Mechanical  Insulation. 
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Figure  51.  Flat-Pack  and  Round  Can  TO-8  With  Stacked  Substrates 


Figure  52.  Thermocompressional  Versus  Ultrasonic  Welds. 
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Figure  54.  Multilayer  Disc  Construction. 
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Figure  55.  Failure  Mode  Analysis  for  the  Mode  Select  and 
Other  Independent  System  Functions. 
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Figure  56,  Failure  Mode  Analysis  for  the  Deceleration  Limit 
System  Function. 
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Figure  57.  Failure  Mode  Analysis  for  the  Acceleration 
Limit  System  Function. 
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Figure  58, 


Failure  Mode  Analysis  for  Mode-Select- Dominated 
System  Functions. 
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sure  Versus  Gas  Producer  Speed. 
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Figure  62.  Schematic  of  Fuel  Metering  System  Functions. 
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Figure  63.  Fuel  Metering  Section  Design,  System  No. 
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Figure  65.  Schematic  of  Fuel  Metering,  System  No. 
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FUEL  FLOW  TO  COMBUSTOR  (R  *•■> 

Figure  66.  Fuel  Nozzle  System  Pressure  Drops  Versus  Flow. 


Full  FLO* 
FROM  CONTROL 
ASSEMBLY 


NOT  1 1  «H|N  Full  PRESSURE  It  APPHEO  TO 
inlet  roth  plunders  move  against 
SPRINGS  until  DRAIN  is  CLOStO 
L  ARC!  R  Pl  UNGI R  SEPARATES  FROM 
SMALL  (R  *MfN  CRACKING  PRISSURI 
IS  REACHED.  ALlOMNG  FLO*  TO 
ManiF*OL  DS 


connection  to 

COM6USTO  R  M  ANI FOL  DS 


OVERBOARD  DRAIN 


Figure  67.  Schematic  of  Fuel  Pressurizing  and  Manifold 
Drain  Valve. 
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Figure  69.  Fuel  Pump  Speed  Range  Vcraua  Ga»  Producer  Stx-ed 
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Flgur*  70.  Centrifugal  n»*l  Pump  D»«t|n.  Wndor 
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Figure  71.  Fuel  Temperature  Rise  Versus  Flow  and  Pump  Speed. 
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Figure  72.  Fuel  Metering  System  No.  2  With  Vendor  A  Pump. 


182 


I.YCOMING  RFSKARCIi  TRANSMISSION 
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Figure  76.  Experimental  VSD  Components  After  Test. 
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Figure  77.  Schematic  of  Emergency  Manual  Control  System 
No.  2. 
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Figure  78.  Fuel  Metering  System  No.  2  With  Vendor  B  Pump. 
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Figure  79.  Block  Diagram  -  Turbine  Temperature  Control. 
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Figure  80.  Schematic  of  Fluidic  Sensor  Installation  on 
T55-L-7  Engine. 
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Figure  81,  Fluidic  Temperature  Sensor  Installation  for 
a  Typical  2-  to  5 -Lb/Sec  Wa  Engine, 
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Figure  82.  Fluidic  Oscillator  -  Electrical  Analog. 
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Figure  84.  Bode  Frequency  Response  Diagram  -  T55-L-7  Engine 
Test  Results. 
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Figure  85.  Fluidic  Oscillator  -  Theoretical  Frequency  Versus  Temperature 
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Figure  -86.  Block  Diagram  of  Multiple  Sensor  Averaging  System. 
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Figure  87. 


Schematic  of  Typical  Gas  Averaging  Duct 
Arrangement. 
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NOTES:  GAS  ENTERED  THE  DUCT  THROUGH  ORIFICES 
“A"  AND  "B"  AND  MIXED  WITHIN  THE  DUCT 
BEFORE  EXITING. 

♦  thermocouples  measuring  gas  temperature 

■^THERMOCOUPLES  MEASURING  DUCT  WALL 
TEMPERATURE 


Figure  88.  Gas  Averaging  Model. 
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Figure  89.  Pitran  Circuit. 
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Figure  90.  Schematic  of  Fluidic  Thermistor. 
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PUMP  DISCHARGE  FLOW 


DIFFERENTIAL  AREA 
POWER  PISTON 


PROPORTIONAL 
SOLENOID  VALVE 


NOTE:  SYSTEM  INCLUDES 
REMOTE  POSITION  FEEDBACK 
TRANSDUCER  (LVDT) 


Figure  91.  Schematic  -  Proportional  Electrohydraulic 
Servo  System. 
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Figure  92.  Schematic  -  Two-Position  Electropneumatic  Actuator 


APPENDIX  I 


COMPONENT  MAP  METHOD  OF  ENGINE 
SIMULATION  FOR  LARGE-SCALE  TRANSIENT 
RESPONSE  CONTROL  STUDIES 


INTRODUCTION 


The  following  text  describes  the  detailed  simulation  of  various  engine 
components  such  as  compressors,  turbines,  combustors,  etc.,  and  the 
manner  in  which  they  are  interrelated  to  assembly  the  complete  engine 
simulation.  These  components  are  defined  by  either  single  or  bivariant 
functions  and  are  mutually  dependent  for  their  respective  inputs.  The 
dynamic  elements  required  to  complete  the  simulation  of  engine  transient 
response  are  as  follows: 

1,  Integration  of  turbine /compressor  torque  unbalance  with  a  given 
rotor  inertia  for  calculation  of  speed  changes 

2,  Integration  of  the  difference  between  airflow  in  and  out  of  the  volume 
between  components  to  determine  station  pressure  changes. 

3,  Fuel  scheduling  and  control  lag  elements.  (This  is  treated  within 
the  Control  Mode  Study  section  of  this  report. ) 

Figure  93  illustrates  the  twin-spool  gas  turbine  used  for  this  control  study 
and  defines  inlet  station  number  for  each  engine  component.  Reference  to 
this  diagram  will  aid  in  an  understanding  of  the  following  discussion. 

Referred  speed  (NLPRFC)  and  pressure  ratio  (P23)  are  low-spool  com¬ 
pressor  map  inputs,  required  to  obtain  GLPC,  (the  Gamma  Function) 


where  0^  =  T^/519 

«2  =  P2/14.7 
=  design  weight  flow 
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This  parameter  multiplied  by  ft2>  an  appropriate  constant,  and  divided  by 
7^*2  yields  the  actual  weight  flow  W2.  In  like  manner,  Wj  ie  calculated* 
The  quantity  (W2  -  W^)  is  integrated  and  multiplied  by  the  appropriate 
constant,  yielding  the  interspool  pressure  changes  for  the  next  incre¬ 
ment.  This  calculation  is  defined  in  generalized  equation  (2)  on  Page  208* 
Compressor  efficiency  and  average  specific  heat  are  given  ae  a  function 
of  speed  (NLPRFC),  from  which  compressor  power  (HCLP)  le  calculated 
in  Btu/sec.  Turbine  power  (HTLP)  is  calculated  in  a  similar  manner  to 
the  compressor  power.  The  difference  between  turbine  and  compressor 
power,  divided  by  rotor  speed,  is  unbalanced  torque.  This  torque  dif¬ 
ference  is  then  integrated  and  multiplied  by  the  proper  constants  to  define 
the  speed  change  for  the  next  time  increment. 

The  foregoing  procedure  takes  place  on  both  spools  and  establishes  the 
major  parameters  required  to  define  the  engine  operating  conditions 
during  a  transient.  At  steady  state,  the  continuity  equation  is  satisfied 
where  weight  flows  through  each  component  are  equal|  hence  dP/dt  *  0. 
Turbine  and  compressor  work  are  equal  and  opposite  in  polarityi  hence 
dN/dt  =  0. 

COMPRESSOR  CHARACTERISTIC  SIMULATION 


A  typical  compressor  map  is  usually  defined  by  pressure  ratio  being 
a  function  of  referred  weight  flow  and  speed.  Constant  polytropic 
efficiency  loci  are  also  shown. 

The  following  discussion  summarizes  the  major  steps  and  approximations 
used  in  the  program  to  calculate  the  transient  performance  of  each  com¬ 
pressor. 

A  univariant  function  of  polytropic  efficiency  versus  compressor  speed 
was  established  from  the  steady-state  operating  line  and  used  during  the 
transient  to  calculate  the  compressor  temperature  rise.  Variable  spe¬ 
cific  heat  was  treated  in  a  similar  manner.  The  specific  heat  variation 
with  speed  along  the  operating  line  of  the  compressor  was  assumed  to 
apply  during  the  transient.  Thus,  the  subsequent  calculations  can  be 
made  for  each  step  in  the  transient,  having  already  stored  values  of 
referred  airflow,  speed,  and  pressure  ratio  in  the  program  deck. 
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All  «p«<d  valuti  uitd  for  input*  to  mop*  and  functions  are  referred  to 
the  inlet  of  that  component  and  normalized 


N 


Ref 


N/  fTfN./Sl 9»  1  17 

n*7  <t«  /si<n  s  n 

IN 


K  100 


(%) 


S 

1 


% 


Where  the  denominator  •  constant.  T*  *  Temp,  at  N • 

IN 

N*  e  Design  Speed 

Evaluate  compressor  absolute  weight  flow: 
p  •  p  /p 

EX  IN 

Gamma  •  T  a  *  «■  f  (P^.  NREpl 


U  9  •  T.../4I9  and  t  •  PtK?/l4. 7. 

*  IN  a  IN 


then.  W  . 


(“Sfl-fe) 


(lb/sec) 


2.  Evaluate  temperature  rise  and  power  absorbed* 


With  the  computed  pressure  ratio  (Prl  polytropic  efficiency 
fal.and  specific  heat  (Cp)  in  the  form  of  generated  functions,  the 
exit  temperature  is  calculated  from  basic  thermodynamic  equations 


R 


H 

c 


W  C  (T 


FX 


t.n> 


(Btu /sec) 


This  procedure  establishes  the  compressor  performance  at  any  time 
during  the  transient. 


204 


COMBUSTOR  CHARACTERISTICS  SIMULATION 


The  ratio  of  fuel  flow  to  airflow  is  first  computed.  This  ratio  and  burn¬ 
er  inlet  temperature  are  inputs  to  a  temperature  rise  map  (based  on  a 
particular  burner  efficiency).  This  temperature  rise  A  T  is  added  to  the 
known  inlet  temp  T^, giving  the  burner  exit  temperature  Tg. 

AT  =  f  (W  / W  ,  T  ) 
f  a  4 

Tc  =  AT  +  T  . 

5  4 


Delay  time  (transport  lag)  and  time  constant  effects  in  the  combustor  were 
considered  to  be  negligible  owing  to  the  small-size  atomizing  combustor. 

TURBINE  CHARACTERISTIC  SIMULATION 


The  turbine  map  was  reduced  to  a  univariable  function  of  T  (weight  flow 
function)  versus  pressure  ratio  along  a  constant  speed  line,  since  the 
speed  lines  on  the  map  were  relatively  close  in  the  choked  region.  This 
approximation  is  reasonable  for  a  control  study  where  different  modes 
are  being  compared. 


1.  Evaluate  turbine  absolute  weight  flow: 


P  =  P^V/PT^, 
r  EX  IN 

w/5 

Gamma  =  T  =  _ x 


=  f  (P  ) 

r 


If  Q  =  T.../519  and 

x  IN 


then  W  ~ 


■  PIN/I4'7’ 


(lb/sec) 


2.  Evaluate  temperature  drop  and  power  developed  with  the  computed 
pressure  ratio  (Pr),  given  polytropic  efficiency  ( r\ )  and  specific 
heat  (C  )  in  the  form  of  generated  functions.  The  exit  temperature 
is  calculated: 
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ht  ■  w  cp  (tin  -  T 


R  (1  +  WFAR 
J  C 

P 


in 1 


(°R) 


(BLu/sec) 


This  procedure  established  the  turbine  performance  at  any  time 
during  the  transient. 


ROTOR  SPEED  SIMULATION 


The  rotor-accelerating  power  is  equal  to  the  difference  between  the 
turbine  power  and  the  compressor  power.  From  the  following  basic 
equations, the  proper  integration  and  conversion  are  derived  to  provide 
the  change  increments  of  h.gh  and  low  compressor  speed  during  accel¬ 
eration  or  deceleration.  It  is  obvious  from  equation  (1)  on  Page  207 
that  the  speed  assumes  a  steady- state  v*lue  when  the  compressor  power 
is  equal  and  opposite  to  the  turbine  power. 


Since 


HP  =  H  P  -  HP 

acc  T  c 

H  P  = 

Torque 

u)  where  torque 

H  P_ 

T 

-HP 

c 

■  I  U)  w 

ub  = 

H  P  - 
T 

H  P  Rad 

c  ;  uu  = 

I  U) 

• 

2  TT  N 

HP 

-  _ T_ 

-HP 

c 

I  N 

<  2  TT  ) 

=  I  a) 


N  =  HPT  -  HPc 
IN  (2  TT  ) 

ft -lb 


Converting  H  P 


sec 


to 


N  = 


(Ht  -  Hc)  J 
IN  (  2tt  )l 


;  N  = 


H 


Rev 


sec 


Btu 

sec 


19.  7 


778  ft- lb 


Btu 


(H 


H  ) 
c 


N 
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N 


N  IC  + 


V-  f 


H_  -  H 

T _ c 

N 


dt 


(1) 


» 


Rotor  Speed  —  rad /sec 

2 

Rotor  Acceleration  -  rad /sec 


N  Rotor  Speed  -  rev /sec 

N  Rotor  Acceleration  -  rev /sec*1 

HP  Component  Power  -  (ft  -  lb)/sec 

I  Rotor  Inertia  -  ft  -  lb  sec^ 

J  Conversion  Factor  -  778  ft  -  lb/Btu 

H  Component  Power  -Btu/sec 


Subscript  IC  Initial  Condition 
PRESSURE  -  VOLUME  SIMULATION 


The  pressure  changes  existing  between  components  is  determined  by 
differentiation  of  the  Ideal  Gas  Equation 

PV  =  mRT, 


in  which  R  is  the  gas  constant,  V  is  the  volume, and  m  is  the  net  mass 
stored  in  the  volume.  The  summation  of  airflow  entering  and  leaving 
a  volume  is  the  time  rate  of  change  of  mass  in  the  volume.  During  engine 
transients,  the  gas  state  within  an  interstage  volume  changes.  These 
changes  can  be  described  by  differentiating  the  ideal  gas  low.  Asstuning 
constant  temperature,  the  interstage  pressure  can  be  determined  by  in¬ 
tegration  of  the  relative  difference  of  weight  flows  in  and  out  of  this  vol¬ 
ume.  This  pressure  calculation  is  defined  by  equation  (2)  on  Page  208. 


Derivation: 


dP  B  R_  dm 

dt  V  dt 
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I 


Assuming  small  changes  in  temperature  T  over  small  time  increments 
dT 

dT  =  0 


dm 

dt 


=  mass  flow 


g 


llL  _  . 

lb  > 
m  ’ 

^sec2 

sec  j 

dm 

W_ 

dt 

g 

rlb  ft 

W  =  weight  flow  | - j 

S  6  C 


p  =  p  +  — 
ic  Vg 


lb 


lb. 


t 

/ 


T  (WIN  '  WOUT>  dt 


inrlb 


sec 


R 


(2) 


lb  ft 
m 


in.2 

2 

in. 

lb  6R 
m 

3 

’n. 

•*c 

1 

3 

sec 

lbF 

,  lbF 

+  lbF 

in.2 

in.2 

2 

in. 

sec 


at  steady- state  the  continuity  equation  is  in  effect  whereby  =  W  • 


*  P  =  P 
.  .  IC 


where  P 

=  Station  pressure 

lb  F/in-2 

R 

=  Gas  constant 

in.-ib 

640  lb  °R 
m 

V 

=  Volume 

in, 3 

g 

=  Constant 

32.  2  ft/sec2 

W 

=  Weight  flow 

lb  ft/sec/sec  =  lb  /sec 
m  r 

EXHAUST  DIFFUSER  SIMULATION 

For  the  exhaust  diffuser  simulation,  a  univariate  function  is  calculated 
from  steady- state  data.  This  function, 
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I 


G  D  F  =  W9  y/T8~ 


P,  A 
3  D 


'  <p9/p„> 


was  used,  and  is  extracted  by  multiplying  and  dividing  GDF  by  the 
above  parameters  available  elsewhere  in  the  program. 

POWER  TURBINE  ROTOR  SIMULATION 

The  power  turbine  rotor  is  simulated  in  the  same  manner  as  described 
in  the  paragraph  Rotor  Speed  Simulation.  The  accelerating  torque 
T  is  the  difference  between  load  torque  (TORQL)  and  power  turbine 
torque  (TORQPT). 

T  =  TORQPT  -  TORQL 

Acc 

The  load  inertia  was  assumed  to  be  10  times  the  power  turbine  inertia. 
JL  =  10JPT 

Beta  (collective  pitch)  initiated  the  engine  transient  by  loading  the  power 
turbine . 


Transient  shaft  horsepower  was  also  calculated. 
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APPENDIX  n 


RELIABILITY  APPORTIONMENT 


Having  established  the  30,  000-hour  MTBF  goal,  it  now  becomes  neces¬ 
sary  to  allocate  this  goal  to  a  lower  tier.  This  allocation  or  apportion¬ 
ment  serves  as  a  guideline  in  determining  the  conceptual  design's  ability 
to  meet  the  desired  goal.  The  initial  apportionment  was  done  for  the 
items  depicted  on  the  initial  logic  diagram.  However,  as  the  detailed 
design  progressed,  it  became  more  meaningful  to  represent  the  appor¬ 
tionment  in  terms  of  the  developed  functional  circuits.  Figures  94 
through  96  and  Tables  IX  and  X  represent  the  initial  block  diagram, 
apportionment  matrices*,  and  apportionments,  respectively,  for  the 
analog  and  digital  approach.  Table  XI  and  Figure  97  show  the  realigned 
apportionment  consistent  with  the  developed  analog  design. 


*  The  apportionment  is  per  "A  Comprehensive  Reliability  Engineering 
Program"  by  Donald  E.  Brimley  as  presented  July  5-9,  1966  at  UCLA 
in  short  course  on  "Systems  Approach  to  Reliability". 
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TABLE  IX.  ANALOG  APPORTIONMENT 

Failure  Rate  (X)  App 
in  Failures  Per  10” 

ortionment 

Hours 

Block 

Diagram 

Designation 

Description 

Per  Block 

Ouant. 

Per 

System 

Per  System 

A 

Signal  Conditioner 
(N.  .  N  fc  N  ) 

hi  p 

0.908 

3 

2.  724 

B 

Signal  Conditioner  (B) 

0.532 

1 

0.  532 

|  C 

Select  (Limit)  (N.  It  N  ) 
h  p 

0.  532 

2 

1.064 

D 

Load  Sharing  (Of  It  0^) 

0.717 

2 

1.434 

E 

Limit  Generator 
(Nj.  Qj  It  T5) 

0.717 

3 

2.  151 

F 

Signal  Conditioner 

(t5  *  Wf) 

1.090 

2 

2.  180 

G 

Signal  Conditioner 
(T^)  (Measure) 

0.908 

1 

0.908 

H 

Function  Generator 

1.007 

4 

4.028 

J 

Operational  Amplifier 

0.  360 

13 

4.680 

K 

Summing  Point 

0.  360 

14 

5.040 

L 

Least  Voter 

0.717 

1 

0.717 

M 

Most  Voter 

0.530 

1 

0.  530 

N 

Integrator 

0.717 

4 

2.868 

O 

Limiter 

0.717 

3 

2.  151 

P 

Low  Limiter 

0.717 

1 

0.717 
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TABLE  DC  -  Continued 

Failure  Rate  (\)  Apportionment 
in  Failures  Per  10°  Hours 

Block 

Diagram 

Designation 

Description 

Per  Block 

Ouant.  ( 

Per 

System  Per  System 

O 

Proprrtional  Variable 
Gain 

0.717 

1  0.717 

R 

Comparator  (Hysteresis) 

0.532 

1  0.532 

S 

Wiring  and  Connections 

0.360 

1  0.360 

TOTAL 

33.333 

z 


TABLE  X.  DIGITAL  APPORTIONMENT 


Failure  Rate  (X)  App 
in  Failures  Per  10° 

ortionment 

Hours 

Block 

Diagram 

Designation 

Description 

Per  Block 

Ouant. 

Per 

System 

Per  System 

A 

Signal  Conditioner 

(N.  ,  NAN) 
n  i  p 

.  856 

3 

2.  568 

B 

Signal  Conditioner  (B) 

.677 

1 

0.677 

C 

Select  (Limit)  (N  AN) 
h  p 

.677 

2 

1.354 

D 

Load  Sharing  (Q^  A  Q^) 

.677 

2 

1.354 

E 

Limit  Generator 
(Nj,  01  A  T5) 

.  677 

3 

2.031 

F 

Signal  Conditioner 
(T5  A  Wf)  (Measure) 

.677 

2 

1.354 

G 

Signal  Conditioner 
(TjJ  (Measure) 

.677 

1 

0.677 

H 

Function  Generator 

.500 

4 

2.000 

J 

Operational  Amplifier 

1.92 

13 

2.496 

K 

Summing  Point 

.  585 

14 

8.  190 

L 

Least  Voter 

1.000 

1 

1.000 

M 

Most  Voter 

.855 

1 

0.855 

N 

Integrator 

1. 106 

4 

4.424 

o 

Limiter 

.585 

3 

1.755 

P 

Low  Limiter 

.585 

•1 

0.  585 
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TABLF  XI.  DFVFLOFFD  ANALOG  DESIGN  APPORTIONMENT 


Math 

Modal 

Designation 

Description 

Failure  Rate  (X)  Apportionment 
in  Failures  Per  10°  Hours 

Quant. 

Per 

Per  Item  System  Per  System 

A 

Nh  Actual 

0.8 

1 

0.8 

B 

Accel  Limit  Function 
Generator 

1.5 

1 

1.5 

C 

Accel  Limit  Amplifier 

0.6 

1 

0.6 

D 

Temperature  Multiplier 

2.5 

1 

2.5 

r 

N^Select 

2.6 

1 

2.6 

F 

Temperature  Amplifier 

0.6 

1 

0.6 

G 

Decel  Limit  Function 
Generator 

0.6 

1 

0.6 

H 

N  Select 

4.0 

1 

4.0 

J 

P 

Expand 

0.8 

1 

0.8 

K 

Airbleed  Trigger  Control 

2.6 

1 

2.6 

L 

Inlet  Guide  Vane  Circuit 

1.2 

1 

1.2 

M 

N^  Temperature  Bias 

0.8 

1 

0.8 

N 

Authority  Circuit 

1.0 

1 

1.0 

P 

Flow  Element  Amplifier 

3.0 

1 

3.0  1 

O 

h'i  Measuring  Circuit 

1.6 

1 

1.6 

R 

Power  Supply 

2.0 

3 

6.0 
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TABLE  XI  -  Continued 


Failure  Rate  (X)  Apportionment 
in  Failures  Per  10°  Hours 

Math  Quant. 

Model  Per 


Designation 

Description 

Per  Item 

System 

Per  System 

S 

Torque  Amplifier 

Circuit 

1.0 

1 

1.0 

T 

T5  Measuring  Circuit 

1.6 

1 

1.6 

U 

Wiring  and  Connections 

0.5 

1 

0.5 

TOTAL 

33.  3 

MTBF 


_1 

X 


1 

33. 3  X  10 


30,  030  Hours 


Thru 
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Figure  94.  Advanced  Engine  Control  System  -  Computer  Portion  Reliability  Block  Diagram. 
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Figure  96  .  Digital  System  -  Reliability  Apportionment  Matrix, 
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Figure  97  .  Reliability  Block  Diagram  -  Analog  Design. 


APPENDIX  III 


FAILURE  RATES  AND  RELIABILITY  PREDICTIONS 
FAILURE  RATES 

Failure  rates  for  component!  on  the  microcircuit  level  are  not  generally 
available.  However,  overall,  ten-  to  fifty-fold  improvements  are  expected 
to  result.*  Our  assessment  is  based  on  a  twenty-fold  improvement;  i.  e., 
the  discrete  component  failure  rates  obtained  from  the  above-mentioned 
sources  are  divided  by  20  to  give  the  "equivalent"  integrated  circuit  level 
failure  rate.  The  ensuing  failure  rates  are  primarily  based  on  the  latest 
FARADA  Statistically  Analyzed  Data,  which  is  believed  to  provide  the 
best  estimate  due  to  its  broad  and  varied  data  base.  The  failure  rates 
are  as  follows: 

Nomenclature: 

X  =  Failure  rate 

Xd  =  Discrete  component  failure  rate 

^ic  *  Integrated  circuit  level  failure  rate. 

Since  there  were  369,900  hours  of  operation  with  zero  failures,  the  50  per¬ 
cent  confidence  level  rather  than  the  point  estimate  is  used. 

Thus, 

2  , 

X  50  percent  =  _ £LL 

2T 

where  ^  af  is  the  value  of  the  chi  square  deviate  with  f  degrees  of 
freedom,  exceeded  with  the  probability  1-a,  and  T  equals  the  ob¬ 
served  time. 

Therefore, 

Xd  =  2  50-  2  =  _ 1»386 _  =  1.873  X  10"6  failures/hr 

2T  (2)  (369,900) 


*  "Microelectronic  Reliability"  by  Charles  E.  Eliot,  1967  Annual 
Symposium  on  Reliability  Proceedings,  pages  349  through  358. 
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RESISTOR 


Xd 

Source: 

= 

0.  214  X  10-6  failures /hr 

FARAD*  Statistical  Group  A,  Page  4.  218 
Volume  2,  2nd  Edition,  March  1968 

Me 

= 

0.  214  X  10‘6  =  0.  0107  x  10"6  failures/hr 
20 

CAPACITOR 

X  d 

Source: 

= 

0.  336  X  10-6  failures/hr 

Same  as  above,  page  4.  29 

Xic 

= 

0.  336  X  10"6  =  0.0168  X  10"6  failures/hr 
20 

DIODE 

Xd 

Source: 

0.054  X  10-^  failures/hr 

Same  as  above,  page  4.  295 

Xic 

= 

0.055  X  10-6  =  0.0027  X  10"6  failures/hr 
20 

TRANSISTOR 

*d 

Source: 

= 

0.  340  X  10-^  failures/hr 

Same  as  above,  page  4.  361 

Me 

= 

0.  340  X  10-6  =  0.017  X  10-6  failures/hr 
20 

INTEGRATED  CIRCUIT 

Xic 

Source: 

= 

0.4  X  10'6  failures/hr 

MIL  HDBK  217A**,  page  7.4-6 

INDUCTOR 

Xd 

Source: 

= 

Less  than  2.  7  X  10"^  failures/hr 

FARADA  page  2.91  -  Sept.  1,  "68  issue 

♦  Bureau  of  Weapons  Failure  Rate  Data  Program 

**  Military  Standardization  Handbook,  "Reliability  Stress  and  Failure 
Rate  Data  for  Electronic  Equipment". 
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1 

RELIABILITY  PREDICTION 

I 

The  reliability  predictions  were  made  for  the  various  circuits  using 

failure  rates  from  FARADA  and  MIL  HDBK  217A  as  presented  in  detail 
\  r 

in  Appendix  I.  The  reliability  block  diagram  for  the  analog  design  is 

shown  in  Figure  97  and  depicts  every  item  as  vital  in  the  proper  opera¬ 
tion  of  the  system,  i.  e.  ,  this  initial  prediction  does  not  take  into  con¬ 
sideration  the  possibility  of  using  airframe  power  in  case  of  control 
power  supply  failure  or  the  availability  of  the  pilot  manual  control,  a 
somewhat  degraded  mode  of  operation,  in  case  of  automatic  system  mal¬ 
function.  The  predictions  based  on  parts  count  are  as  follows  for  the 
various  computer  elements: 

% 

Failure  Rate 


% 

f 

Component 

Quantity 

(A)  X  10”6 

! 

i 

(A)  Nh  ACTUAL 

i 

Resistors 

7 

0. 0749 

Capacitors 

6 

0.  1008 

1. 

Diodes 

3 

0.0081 

it 

Transistors 

2 

0. 0340 

} 

\ 

Op.  Amps 

1 

0. 4000 

\ 

i 

0. 6178 

(■ 

(B)  ACCELERATED  LIMIT 

FUNCTION  GENERATOR 

t 

i 

V 

Resistors 

13 

0.  1391 

f 

Capacitors 

6 

0. 1008 

i 

Diodes 

4 

0. 0108 

1 

f 

Op.  Amps 

3 

1.  200 

i 

« 

1.4507 

(C)  ACCELERATED  LIMIT  AMPLIFIER 

i 

Resistors 

4 

0.  0428 

Capacitors 

2 

0.  0336 

Op.  Amps 

1 

0. 4000 

0.4764 
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(D)  TEMPERATURE  MULTIPLIER 


Resistors 

35 

0.  3745 

Capacitors 

12 

0.  2016 

Diodes 

6 

0.0162 

Transistors 

5 

0.0850 

Op.  Amps 

5 

2.0000 

2.6773 

(E)  Nh  SELECT 

Resistors 

26 

0.  2782 

Capacitors 

9 

0.  1512 

Diodes 

5 

0.0135 

Transistors 

2 

0.0340 

Op.  Amps 

4 

1.6000 

2.0769 


(F)  TEMPERATURE  AMPLIFIER 


Resistors 

5 

0.0535 

Capacitors 

3 

0.0504 

Diodes 

1 

0.0027 

Op.  Amps 

1 

0.4000 

0.  5066 

(G)  DECELERATED  LIMIT  FUNCTION  GENERATOR 


Resistors 
Capacitors 
Op.  Amps 


12 

2 

1 


0.  1284 
0.0336 
0.4000 


(H)  Np  SELECT 


Resistors  26 

Capacitors  13 

Diodes  6 

Transistors  1 

Op.  Amps  7 


0.  562 


0.  2782 
0.  2184 
0.0162 
0.0170 
2.  8000 


(J)  Nh  EXPAND 


Resistors  5 

Capacitors  2 

Op.  Amps  1 


0.  535 
0.  0336 
0. 4000 

0.4871 


(K)  AIRBLEED  TRIGGER  CIRCUIT 


Resistors  24 

Capacitors  7 

Diodes  5 

Transistors  1 

Transistors  (Discrete)  1 

Op.  Amps  4 


0. 2568 
0.  1176 
0.  0135 
0.  0170 
0.  3400 
1. 6000 


2.  3449 


(L)  INLET  GUIDE  VANE  CIRCUIT 


Resistors  13 

Capacitors  3 

Diodes  1 

Transistors  2 

Op.  Amps  2 


0. 1391 
0. 0504 
0. 0027 
0.0340 
0.  8000 


1.0262 


(N)  Nh  TEMPERATURE  BIAS 


Resistors 

15 

0. 1605 

Capacitors 

2 

0. 0336 

Diodes 

4 

0. 0108 

Transistors 

4 

0. 0680 

Op.  Amp 8 

2 

0. 8000 

1.  0729 

(P)  AUTHORITY  CIRCUIT 

Resistors 

6 

0. 0642 

Diodes 

12 

0.0324 

Transistors 

9 

0. 1530 
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0.  2496 


(Q)  FLOW  ELEMENT  AMPLIFIER 


Resistors 

30 

0. 3210 

Capacitors 

11 

0. 1848 

Diodes 

6 

0.0162 

Transistors 

1 

0.0170 

Transistors  (Discrete) 

2 

0.6800 

Op.  Amps 

4 

1.600 

2.819 

(R)  Nj  MEASURING  CIRCUIT 

Resistors 

20 

0.2140 

Capacitors 

3 

0.0504 

Op.  Amps 

4 

1.6000 

1.8644 

(S)  POWER  SUPPLY 

Diodes  (Bridge)  (Discrete) 

4 

0.  776 

Diodes  (Zener)  (Discrete) 

2 

3.  746 

Resistors  (Discrete) 

1 

0.  214 

Capacitors  (Discrete) 

2 

0.672 

Inductors  (Discrete) 

1 

1.873 

Transistors  (Discrete) 

1 

0.  340 

7.621 

(T)  TORQUE  AMPLIFIER  CIRCUIT 

Resistors 

9 

0.0963 

Diodes 

2 

0.0054 

Op.  Amps 

2 

0.8000 

0.9017 

(U)  T5  MEASURING  CIRCUIT 

Resistors 

25 

0. 2675 

Capacitors 

3 

0.0504 

Op.  Amps 

6 

2.4000 
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2.  7179 


(V)  WIRING  AND  CONNECTIONS 


Welds 


0.  585 


Table  XII  is  a  tabulation  of  the  various  circuit  predictions  and  depicts 
an  MTBF  of  20,  363  hours  for  the  present  design. 
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TABLE  Xn.  ANALOG  PREDICTION 

Failure  Rate  (X) 


in 

Failures  Per  10° 

Hours 

Math  Model 
Designation 

Description 

Quantity 

Per  Block  System 

Per  System 

A 

Actual 

0.  618 

1 

0.618 

B 

Accel  Limit  Func¬ 
tion  Generator 

1.451 

1 

1.451 

C 

Accel  Limit  Ampli¬ 
fier 

0.476 

1 

0.  475 

D 

Temperature  Multi¬ 
plier 

2.  677 

1 

2.  677 

E 

Nfc  Select 

2.  077 

1 

2.  077 

F 

Temperature  Ampli¬ 
fier 

0.  507 

1 

0.  507 

G 

Decel  Limit  Func¬ 
tion  Generator 

0.  562 

1 

0.  562 

H 

Np  Select 

3.  330 

1 

3.  330 

J 

Expand 

0.487 

1 

0.487 

K 

Airbleed  Trigger 
Control 

2.  345 

1 

2.  345 

L 

Inlet  Guide  Vane 
Circuit 

1.  026 

1 

1.  026 

M 

Nh  Temp.  Bias 

1.  073 

1 

1.  073 

N 

Authority  Circuit 

0.  250 

1 

0.  250 

P 

Flow  Element  Amp¬ 
lifier 

2.  819 

1 

2.  819 

Q 

Ni  Measure  Circuit 

1.  864 

1 

1.864 

R 

Power  Supply 

7.  621 

3 

22.  863 

S 

Torque  Amplifier 
Circuit 

0.  902 

1 

0.902  ! 

U 

Wiring  and  Connec¬ 
tions 

0.  585 

1 

0.  585 

TOTAL 

20, 563  Hours 

48  63 

'  48.  63  X 
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APPENDIX  IV 


TEST  OF  CIRCUITS  DIRECTLY  EXPOSED  TO  COOLING  FLUID 
GENERAL 

To  evaluate  the  fluid  immersion  cooling  technique,  three  separate  tests 
were  performed  in  the  laboratory  to  gather  operating  performance  data 
on  semiconductor  chip  elements  immersed  in  a  dielectric  cooling  fluid. 

The  first  test  performed  was  temperature-humidity  cycling  of  several 
integrated  circuits  and  a  transistor  element.  The  second  series  of  tests 
was  performed  on  semiconductor  elements  wJnich  were  temperature- 
cycled  over  the  range  of  -65°  to  +250°  F.  The  third  test  was  performed 
to  evaluate  the  effects  on  the  power  dissipation  of  the  semiconductor 
chips. 

Test  objectives  included  evaluating  the  immediate  and  long-term  physical 
effects  on  the  performance  characteristics  of  the  chip  elements. 

Results  from  test  data  obtained  after  more  than  700  hours  of  continuous 
element  operation  show  that  the  direct  fluid  immersion  of  the  semicon¬ 
nector  chip  elements  does  not  affect  either  the  electrical  or  the  physical 
properties  of  those  devices  and  that  the  fluid  immersion  approach  is 
sound  for  the  computer  application. 

FIRST  TEST 

Six  Texas  Instruments -type  S/N  5400  integrated  circuits  and  one  2N760 
general-purpose  low-power  silicon  transistor  with  several  supporting 
carbon  resistors  were  subjected  to  the  temperature-humidity  cycling 
tests  per  MIL-STD-810  method  507.  These  devices  were  tested  in  the 
operating  and  nonoperating  conditions  between  the  temperature  limits 
of  +77°  and  +160°  F. 

The  integrated  circuits  and  2N760  transistor  chips  were  subjected  to 
the  above  environment  in  an  unsealed  condition  while  immersed  in  a 
thermally  conductive  high  dielectric  silicon  base  fluid.  The  devices 
used  were  first  ultrasonically  cleaned  in  a  Freon  solution  and  then 
visually  inspected  using  a  microscope.  The  devices  were  interconnected 
and  tested  electrically  at  room  temperature  with  the  following  results: 

1.  Of  24  outputs  available  from  the  S/N  5400  devices,  21  were  found 
to  be  satisfactory  electrically  during  room -temperature  bench 
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tests.  The  three  bad  outputs  were  caused  by  physical  damage 
during  opening  of  their  hermetically  sealed  cases  and  subse¬ 
quent  ultrasonic  cleaning  operations.  The  2N760  transistor 
was  checked  and  found  to  be  electrically  sound. 

2.  The  devices  were  tested  again  electrically  at  room  temperature 
prior  to  immersing  the  devices  in  the  fluid.  Subsequent  tests 
with  the  devices  immersed  at  room  temperature  showed  no 
electrical  changes  in  propagation  times. 

Although  the  test  was  terminated  following  approximately  28  hours  of 
valid  test  time,  some  preliminary  conclusions  can  be  drawn  from  avail¬ 
able  test  data.  These  conclusions  are; 

1.  Room  temperature  tests  prove  that  the  fluid  had  not  affected 
the  semiconductor  "chip"  electrical  operation. 

2.  Operation  of  the  "chip"  at  the  elevated  temperature  limit  of 
160°  F  while  immersed  in  the  fluid  had  no  effect  on  the  electri¬ 
cal  characteristics  of  "sound"  devices. 

3.  The  sound  chips  would  operate  satisfactorily  in  the  fluid  while 
subjected  to  a  90  percent  humid  environment  with  temperature 
cycling  for  the  test  time  period  involved. 

Table  XHI  summarizes  the  encouraging  results  of  the  above  test. 

SECOND  TEST 

As  a  supplement  to  the  above,  additional  tests  were  performed  with 
General  Instrument  Corporation  MEM-550C  type  semiconductor  units, 
which  are  more  representative  of  the  devices  chosen  for  use  in  the 
digital  control  circuit  devices. 

The  type  MEM- 550  units  were  received  from  General  Instrument  with 
the  cover  removed,  therefore  not  requiring  they  be  opened. 

The  devices  were  mounted  in  a  brass  can, and  the  can  was  solder-sealed 
and  subsequently  filled  with  the  dielectric  coolant  fluid  during  the  test 
described  below. 

To  eliminate  premature  failures  or  weak  devices,  the  units,  when  moult¬ 
ed  and  sealed  in  the  can,  were  tested  by  random  application  of  test 
power  for  approximately  4  hours.  The  units  were  then  subjected  to  a 
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subsequent  power-applied  burn-in  at  room  ambient  temperature  for  a 
74-hour  period.  No  failures  occurred  during  this  time. 

The  can  containing  the  chip  devices  was  filled  with  dielectric  coolant  and 
solder-sealed.  The  test  power  was  applied  for  a  second  48-hour  period 
at  room  ambient  temperature  conditions.  The  performance  of  the  de¬ 
vices  was  periodically  monitored.  No  changes  were  noted  in  perform¬ 
ance  characteristics  ,  and  no  failures  occurred. 

The  tests  were  continued  in  a  temperature  test  chamber  whose  tempera¬ 
ture  was  varied  between  the  range  of  -65°and  +250  F  for  time  periods 
shown  in  Table  XIV.  No  changes  were  noted  in  performance  character¬ 
istics,  and  no  failures  occurred.  To  date,  740  hours  of  testing  have 
been  accumulated.  Testing  is  continuing  with  periodic  monitoring 
to  gather  additional  life  data.  It  is  of  interest  to  note  that  a  JAN 
accelerated  aging  test  is  performed  at  temperatures  ranging  from  -35 
to  +150°  F  for  14  cycles  for  a  period  of  336  hours.  This  accelerated 
test  is  equivalent  to  and  represents  five  years  of  normal  component 
usage. 

The  test  results  indicate  that  silicon  semiconductor  chip  elements  can 
be  subjected  to  the  direct  fluid  immersion  techniques  for  prolonged  per¬ 
iods  without  suffering  changes  to  their  electrical  or  physical  character¬ 
istics, 

THIRD  TEST 

The  data  below  are  submitted  to  point  out  the  power  dissipation  advantages 
which  are  gained  by  using  the  direct  semiconductor  fluid  immersion 
technique.  Several  silicon  transistor  "chips",  type  2N760,  were  sub¬ 
jected  to  power  dissipation  tests.  The  units  were  tested  to  destruction 
by  deliberately  exceeding  their  power  ratings.  The  urits  were  both  in 
an  unsealed  condition  in  ambient  air  and  in  the  dielectric  coolant.  It  is 
of  interest  to  note  that  the  power  dissipation  to  induce  failure  doubled 
for  the  immersed  units.  (See  Table  XV. ) 
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TABLE  Xin.  FLUID  IMMERSION  TEST  RESULTS 

Device 

No.  of 
Initially 

Good  Outputs 

No.  of 

Good  Outputs  at 
Test  Termination 

Remarks 

A 

3 

3 

No  Change 

B 

4 

4 

No  Change 

C 

4 

3* 

Indicated  Intermittent 
Operation 

D 

2 

0 

Failed  Completely 

E 

4 

4* 

Indicated  Intermittent 
Operation 

F 

4 

3* 

Indicated  Intermittent 
Operation 

T  ransistor 

Good 

Good 

No  Change 

*  Analysis 

showed  intermittent  operation  due  to  test  fixture  problems. 

TABLE  XIV.  FLUID  IMMERSION  EVALUATION 
WITH  TEMPERATURE  CYCLING 


BURN-IN,  DRY 

Temperature 

Power-On  Time 

Power-Off  Time 

Ambient 

74  hours 

19  hours 

TEMPERATURE  CYCLE  -  IMMERSED 

Temperature 

Power-On  Time 

Power-Off  Time 

+  259°F 

27.  5  hours 

49.  5  hours 

Ambient 

28.  5  hours 

150,  5  hours 

-  65°F 

14  hours 

16.  5  hours 

Burn-in  ON  Time  74.  0 

ON  time  in  fluid  70.0 

OFF  time  in  fluid  216.  5 

TOTAL  TIME  360.  5  hours 
Devices  and  Quantity  on  Test 

(6)  General  Instrument  MEM  550C  (Dual  P  Channel-Enhancement  Mode 

Silicon  Insulated  Gate  Field  Effect 
Transistor) 

(6)  Texas  Instrument  SN  5451  (Dual  2  Wide  2  Input  and/or  Invert  Gates) 
(1)  ’  N760A  (NPN  Silicon  Amplifier) 
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TABLE  XV.  POWER  DISSIPATION  TEST 

• 

Normal  Rated 

Wattage  Dissipation  at  Failure 
Unsealed  in  Immersed  in 

Unit 

Wattage 

Ambient  Air 

Fluid 

2N760  #1 

0.  5 

1. 18  watts 

2. 16  watts 

2N760  #2 

0.  5 

1,45  watts 

2. 10  watts 
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APPENDIX  V 


SOAK  TEMPERATURE  TIME  PROFILE  TEST 

As  background  information  for  the  computer  thermal  design,  temperature 
measurements  were  made  at  several  locations  within  the  engine  nacelle 
of  a  Lycoming-based  Grumman  Mohawk  Test  Aircraft. 

Test  results  are  summarized  in  Figures  98  through  100.  Figure  98 
shows  the  skin  temperature  changes  as  a  function  of  time  at  the  12  o'clock 
position  on  the  engine  inlet  housing,  6  inches  aft.  All  temperatures 
measured  with  the  aircraft  facing  downwind  are  slightly  higher  than  those 
measured  facing  upwind,  A  maximum  temperature  of  133  F  was  reached 
24  minutes  after  shutdown  and  remained  constant  throughout  the  record¬ 
ing  period. 

Figure  99  illustrates  the  ambient  temperature  changes  as  measured  1 
inch  above  the  compressor  first  stage.  Two  minutes  after  engine  shut¬ 
down,  the  temperature  peaked  to  a  maximum  of  137  F,  after  which  the 
temperature  gradually  decreased  to  a  fairly  constant  level  for  the  entire 
recording  period. 

Fuel  temperatures  measured  at  the  fuel-ui  and  fuel-out  ports  of  the  fuel 
control  showed  little  change  throughout  the  recording  period. 

Skin  temperature  changes  of  the  compressor  diffuser  are  shown  in 
Figure  100.  There  was  a  marked  drop  in  temperature  during  the  first  2 
minutes  after  shutdown,  followed  by  a  slight  increase,  and  then  the  tem¬ 
perature  decreased.  Facing  upwind, the  temperature  decreased  from 
387°  to  200°  F  after  2  minutes  from  shutdown;  while  facing  downwind,  the 
rate  of  temperature  change  was  much  smaller. 

Test  results  above  show  that  for  this  particular  engine  application,  the  15- 
minute  soaking  period  specified  in  Military  Specification  MIL-E-5007C 
is  perhaps  not  adequate  for  system  demonstration.  The  temperature 
profiles  shown  in  Figures  98  through  1 00  demonstrate  that  the  engine 
nacelle  ambient  temperatures  do  not  peak  and  then  decrease  rapidly 
after  a  15-minute  soaking  time  following  engine  shutdown,  as  might  be 
expected,  but  continue  on  considerably  beyond  the  30-minute  time  shown 
on  the  attached  curves.  With  the  engine  bleed  bands  open  and  with  a 
skin  temperature  on  the  compressor  diffuser  of  266°  F,  the  nacelle  am¬ 
bient  temperature  did  not  rise  above  140°  F. 
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Figure  99.  Engine  Components  Soak  Temperature  Survey  -  Nacelle  Temperature. 
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Figure  100.  Engine  Components  Soak  Temperature  Survey  - 
Compressor  Diffuser  Skin  Temperature. 


APPENDIX  VI 


GENERATOR  DESIGN 


BACKGROUND 

Current  military  specifications  state  that  the  engine  control  system  must 
be  able  to  provide  safe  operation  and  starting  capability  without  assistance 
from  the  airframe  electrical  power  system.  This  implies  that  an  engine- 
mounted  generator  must  be  available  for  supplying  the  power  require¬ 
ments  of  the  electronic  control  system.  The  concept  of  Fuel  Metering 
System  No.  2  permits  a  new  approach  to  generator  design,  and.  as  an 
addendum  to  the  program,  a  study  was  made  of  a  unit  integral  with  the 
centrifugal  fuel  pump. 

If  the  generator  is  driven  directly  from  the  gas  producer,  it  must  operate 
over  a  10-to-l  speed  range,  creating  power  control  problems  due  to  excess 
output  at  the  higher  speeds.  At  10-percent  engine  speed,  the  generator 
would  turn  at  6000  rpm.  However,  if  it  were  driven  at  fuel  pump  speed 
in  System  No.  2,  the  minimum  speed  would  be  19,000  rpm,  allowing  a 
significant  reduction  in  sice  for  the  same  power  requirement.  Since  the 
speed  range  is  only  2.25  to  1  in  this  location,  the  available  output  is 
closely  related  to  system  requirements  and  the  power  control  system 
becomes  simpler  and  more  efficient. 

REQUIREMENTS 

The  generator  design  was  determined  by  the  following  considerations: 

1.  Output  voltage  regulation  by  control  of  field  excitation  is  re¬ 
quired,  Limitations  on  space  and  heat  dissipation  in  the  compu¬ 
ter  rule  out  shunt  regulation  and  other  po  ver-wa sting  methods. 
Sufficient  residual  field  flux  must  be  retained  for  the  generator 
to  be  self-starting. 

2.  A  solid-rotor,  brushless  machine  with  encapsulated  stator  and 
rotor  is  mandatory  due  to  the  environmental  conditions  inside  the 
system  housing. 

3.  Four  different  output  voltages  are  required  with  ♦  10  percent 
regulation  accuracy.  The  generator  must  produce  at  least  100 
watts  at  20,000  rpm. 
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4.  Environmental  and  service  life  requirements  are  the  eame  as 
for  the  fuel  metering  section. 

GENERATOR  DESIGN 


A  flux-switch  generator  with  wound  field  excitation  was  selected  for  in¬ 
stallation  in  the  fuel  pump  housing.  A  schematic  of  the  generator  Is  pre¬ 
sented  in  Figure  101,  Power  generation  is  achieved  by  a  simple  flux¬ 
switching  action  in  which  the  rotor  alternately  completes  one  or  the  other 
of  the  two  opposing  flux  paths.  Each  output  winding  experiences  a  com¬ 
plete  field  reversal  when  the  flux  path  is  changed  and  produces  an  alter¬ 
nating  current  output.  Field  strength  is  controlled  to  obtain  output  voltage 
regulation. 

A  suitable  generator  was  designed  and  is  shown  included  In  the  fuel  system 
design  (Figure  76).  The  rotor  is  an  encapsulated,  laminated  Iron  sleeve 
located  on  the  fuel  pump  shaft.  Stator  iron  and  windings  are  encapsulated 
to  form  a  cartridge,  which  is  installed  in  the  fuel  pump  housing.  Oil 
spray  cooling  of  the  stator  may  be  provided  if  necessary. 

CONCLUSIONS 

The  required  electrical  outputs  for  the  proposed  control  system  can  be 
produced  by  a  flux  switch  generator  located  in  the  fuel  pump  assembly. 

The  inclusion  of  the  generator  would  increase  package  length  by  0.  25 
inch  and  package  weight  by  0,  SO  pound.  Additional  torque  loads  imposed 
on  the  VSD  section  during  speed  changes  require  further  design  analysis 
to  determine  the  final  site  of  the  transmission  elements. 

The  advantage  of  the  VSD-driven  generator  design  is  that  it  results  in  a 
much  smaller  unit  which  operates  over  \  narrow  speed  range  compared 
to  a  generator  driven  directly  from  the  /as  producer. 
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